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FOREWORD 


The Lockheed Missiles & Space Company, Inc. is sub- 
mitting this Final Report in completion of the re- 
quirements of Contract NAS 3-12037, "Fiberglass 
Supports for Cryogenic Tanks", dated 12 May 1969 * 
The total scope of work, data, results, and con- 
clusions pertinent to this program are presented 
in this volume. The program was conducted under 
the technical direction of Mr. James R. Barber, 
Propulsion Systems Branch, Chemical Propulsion 
Division of the NASA Lewis Research Center. 


Hi 


LOCKHEED MISSILES 8e SPACE COMPANY 


CONTESTS 


Section Page 


FOREWORD ill 

ILLUSTRATIONS vii 

TABLES xiii 

ABSTRACT . xv 

1 SUMMARY 1-1 

2 INTRODUCTION 2-1 

3 TASK 1 - STRUCTURAL DESIGN 3-1 

3.1 Parametric Structural and Thermal Analysis 3-2 

3.1.1 Design Requirements and Guidelines 3-2 

3.1.2 Monocoque Fiberglass Cylinders 3-8 

3.1.3 Monocoque Fiberglass Ogives 3-20 

3.1.4 Monocoque Fiberglass -Boron Cylinders 3-26 

3.1.5 Stiffened Fiberglass Cylinders 3-28 

3.1.6 Stiffened Fiberglass Ogives 3-37 

3.1.7 Heat Leak Comparison 3-40 

3.1.8 System Weight Comparison 3-46 

3.1.9 Selection of Candidates for Detailed Analysis 3-60 

3.2 Design and Analysis of Selected Candidates 3-62 

3.2.1 End Fittings and Rod Ends 3-62 

3.2.2 Core Insulation Analysis 3-74 

3.2.3 Development of Final Designs 3-77 

4 TASK 2 - EXPERIMENTAL CONCEPT SCREENING PROGRAM 4-1 

4.1 Preparation of Test Hardware and Facilities 4-1 

4.1.1 Short-Column Test Specimens 4-1 

4.1.2 Instrumentation for Strain Measurements 4-4 

4.1.3 Test Machine Setup 4-7 

4.2 Sbort-Columa Screening Tests 4-7 

iv 


LOCKHEED MISSILES 8e SPACE COMPANY 


CONTENTS (Cont'd) 


Section Pfcge 

4.2.1 Test Operations and Results 4-7 

4.2.2 Data Reduction and Analysis 4-10 

5 TASK 3 - STRUT FABRICATION 5-1 

5.1 Material and Fitting Procurement 5-1 

5.1.1 Glass Fibers and Resin-Prepreg 5-1 

5.1.2 Titanium End Fittings and Caps 5-2 

5.1.3 Rod-End Fittings 5-3 

5.2 Tooling and Mandrel Fabrication 5-3 

5.2.1 Metal Masters and Fiberglass Molds 5-4 

5.2.2 Cast Salt Mandrels 5-4 

5*3 Strut Fabrication and Assembly 5-6 

5.3.1 Setup and Filament Winding Operations 5-8 

5-3-2 Debulking and Curing Operations 5-10 

5-3-3 Mandrel Removal and Final Assembly 5-10 

6 TASK 4 - TEST PROGRAM 6-1 

6.1 Facility Description 6-1 

6.1.1 Dynamic Test Machine 6-1 

6.1.2 Instrumentation and Data Acquisition 

Equipment 6-3 

6.2 Structural Testing 6-7 

6.2.1 Static Tension-Compression Tests 6-9 

6.2.2 Cyclic Tests 6-13 

6.2.3 Test Results and Analysis 6-13 

7 TASK 5 - POST-TEST INSPECTION AND DATA CORRELATION 7-1 

7*1 Laboratory Analysis and Evaluation 7-2 

7.1.1 Task 2 Test Specimens 7-2 

7.1.2 Task 4 Test Specimens 7-9 

7.2 Review of Fiberglass Strut Technology 7-16 

7.2.1 Thermal and Mechanical Properties 7-16 

7.2.2 Recommended Design Approach 7-16 

v 


LOCKHEED MISSILES 8t SPACE COMPANY 


CONTENTS (Cont'd) 

Section Page 

7.2. 3 Evaluation of Other System Concepts 7~l8 

7.2.U Comparison of System Performance for 

Fiberglass and Metallic Strut Supports 7-20 

8 DISCUSSION OF RESULTS 8-1 

9 CONCLUSIONS . 9-1 

Appendix 

A DESCRIPTION OF COMPUTER PROGRAMS FOR STRUCTURAL ANALYSIS A-l 

B COMPRESSIVE LOAD CAPABILITY FOR LONGERON-STIFFENED 

FIBERGLASS STRUTS B-l 

C CALCULATION OF ONE-DIMENSIONAL HEAT LEAKS C-l 

D CALCULATION OF COMPARATIVE SYSTEM WEIGHTS D-l 

E PROCESS SPECIFICATION NO. 3060993, FIBERGLASS 

SUPPORTS FOR CRYOGENIC TANKS E-l 

F ANALYTICAL METHOD TO DETERMINE WINDING REQUIREMENTS F-l 

G NOMENCLATURE G-l 

H REFERENCES H-l 

I DISTRIBUTION 1-1 


vi 

LOCKHEED MISSILES & SPACE COMPANY 



ILLUSTRATIONS 


Figure 


Page 

3-1 

End View of Integrally-Wound Fiberglass Strut 

3-3 

3-2 

Composite Cross-Section Area as a Function of 
Thickness and Outside Diameter 

3-12 

3-3 

Composite Radius of Gyration as a Function of 
Thickness and Outside Diameter 

3-13 

3-4 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Cylinders with a 12-mil (0.30-mm) Longo 
Wrap Thickness 

3-14 

3-5 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Cylinders with an l8-mil (0.46-mm) Longo 
Wrap Thickness 

3-15 

3-6 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Cylinders with a 24-mil (0.6l-mm) Longo 
Wrap Thickness 

3-16 

3-7 

Outside Diameter as a Function of Strut Length for 
Optimum Monocoque Fiberglass Cylinders 

3-18 

3-8 

Predicted Ultimate Compressive Loads as a Function 
of Outside Diameter for 40-in. -(101.6-cm) Long 
Monocoque Fiberglass Cylinders 

3-19 

3-9 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Ogives with a 12-mil ( 0.30-mm) Longo 
Wrap Thickness at Midspan 

3-22 

3-10 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Ogives with an l8-mil ( 0.46-mm) Longo 
Wrap Thickness at Midspan 

3-23 

3-11 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Ogives with a 24-mil (0.6l-mm) Longo 
Wrap Thickness at Midspan 

3-24 

3-12 

Outside Diameter at Midspan as a Function of Strut 
Length for Optimum Monocoque Fiberglass Ogives 

3-25 

3-13 

Predicted Ultimate Compressive Loads as a Function 
of Outside Diameter at Midspan for 40-in.-(l01.6-cm-) 
Long Monocoque Fiberglass Ogives 

3-27 

<j 

3-14 

Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass-Boron Cylinders with a 17-mil (0.43-mm) 
Longo Wrap Thickness 

3-29 


vii 


LOCKHEED MISSILES & SPACE COMPANY 



ILLUSTRATIONS (Cont*d) 


Figure Page 

3-15 Predicted Ultimate Compressive Loads for Optimally- 3-33 

Stiffened Fiberglass Cylinders with a 12-mil (0.30-mm) 

Longo Wrap Thickness 

3-16 Optimum Number of Stiffeners Required for Fiberglass 3-34 

Cylinders with a 12-mil ( 0.30-mm) Longo Wrap Thickness 

3-17 Predicted Ultimate Compressive Loads for 40- in. -(101.6- 3-36 

cm-) Long Fiberglass Cylinders Optimally Stiffened with 
Boron-Fiber Longerons 

3-18 Predicted Ultimate Compressive Loads for Fiberglass 3-38 

Cylinders with a 12-mil ( 0.30-mm) Longo Wrap Thickness 
Stiffened with Boron- Fiber Longerons 

3-19 Predicted Ultimate Compressive Loads for Fiberglass 3-39 

Ogives with a 12 -mil (0.30-mm) Longo Wrap Thickness 
at Midspan Stiffened with Boron-Fiber Longerons 

3-20 Thermal Conductivity Model for Glass Fiber-Epoxy Composites 3-42 

3-21 Comparison of Calculated and Test Values of Thermal Con- 3-44 

ductivity for Glass Fiber-Epoxy Composites 

3-22 Comparison of Calculated and Test Values of Thermal Con- 3-47 

ductivity for Boron Fiber-Epoxy Composites 

3-23 Predicted Heat Leaks for Monocoque Fiberglass Cylinders 3-49 

with a 12-mil ( 0.30-mm) Longo Wrap Thickness and Boundary 
Temperatures of 520°R (289°K) to 37°R (20°K) 

3-24 Predicted Heat Leaks for Monocoque' Fiberglass Cylinders 3-50 

with a 12-mil ( 0.30-mm) Longo Wrap Thickness and Boundary 
Temperatures of 400°R (222°K) to l40°R (78°K) 

3-25 Comparative Total System Weights for Short, Lightly- Loaded 3-54 

Struts with 520°R (289°K) to 37°R (20°K) Boundary Temperatures 

3-26 Comparative Total System Weights for Short, Lightly-Loaded 3-55 

Struts with 400°R (222°K) to l4o°R (78°K) Boundary 
Temperatures 

3-27 Comparative Total System Weights for Medium- Length, Medium- 3-56 i 

Load Struts with 520°R (289°K) to 37°R (20°K) Boundary 
Temperatures 

3-28 Comparative Total System Weights for Medium-Length, Medium 3-57 

Load Struts with 400°R (222°K) to l40°R (78°K) 

Boundary Temperatures 

3-29 Comparative Total System Weights for Long, Highly-Loaded 3-58 

Struts with 520°R (289°K) to 37°R (20°K) Boundary Temperatures 

3-30 Comparative Total System Vfeights for Long, Highly- Loaded 3-59 

Struts with 400°R (222°K) to l40°R (78°K) Boundary - 
Temperatures 

viii 


LOCKHEED MISSILES 8c SPACE COMPANY 


ILLUSTRATIONS (Cont'd) 


Figure Page 

3-31 Preliminary Design of Monocoque Cylinders 3-63 

3-32 Preliminary Design of Stiffened Cylinders 3-64 

3-33 Preliminary Design of Monocoque Ogives 3-65 

3-34 Strut Fitting Designs with Externally-Threaded Rod-Ends 3-68 

3-35 Strut Fitting Designs with Internally-Threaded Rod-Ends 3-72 

3-36 Compressive Modulus of Elasticity for Fiberglass Struts 3-81 

as a Function of Cross-Ply Distribution 

3-37 Revised Ultimate Compressive Loads for Monocoque Fiberglass 3-82 

Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

3-38 Revised Ultimate Compressive Loads for Monocoque Fiberglass 3-83 

Cylinders with an l8-mil (0.46-mm) Longo Wrap Thickness 

3-39 Revised Ultimate Compressive Loads for Monocoque Fiberglass 3-84 

Cylinders with a 24-mil (0.6l-mm) Longo Wrap Thickness 

3-40 Revised Ultimate Compressive Loads for Monocoque Fiberglass 3-86 

Ogives with a 12-mil ( 0.30-mm) Longo Wrap Thickness at 
Midspan 

3-41 Revised Ultimate Compressive Loads for Monocoque Fiberglass 3-87 

Ogives with an l8-mil (0.46-mm) Longo Wrap Thickness at 
Midspan 

3-42 Revised Ultimate Compressive Loads for Monocoque Fiberglass 3-88 

Ogives with a 24-mil (0.6l-mm) Longo Wrap Thickness at 
Midspan 

3-43 Revised Ultimate Compressive Loads as a Function of Longo 3-89 

Wrap Thickness for a 24-in.-(6l-cm-) Long, 1.5-in.-(3.8l-cm-) 
Diameter Monocoque Fiberglass Cylinder 

3-44 Revised Ultimate Compressive Loads as a Function of Longo 3-90 

Wrap Thickness for a 19- in.- (48.3-cm-) Long, 1.5 in.-(3-8l- 
cm-) Diameter Monocoque Fiberglass Cylinder 

3-45 Revised Ultimate Compressive Loads as a Function of Longo 3-91 

Wrap Thickness at Midspan for a 36 - in. -(101.6- cm-) long 
2.5-in.-(6.35-cm-) Midspan Diameter Monocoque Fiberglass Ogive 

3-46 Design Assembly Drawing for Strut Configurations II-l 

and III-l 3-93 

3-47 Design Assembly Drawing for Strut Configurations II-2, 

H-3, and III-2 3.95 

3-48 Design Assembly Drawing for Strut Configurations II-4 

and III -3 3-97 


lx 


LOCKHEED MISSILES 8c SPACE COMPANY 



ILLUSTRATIONS ( Cont * d ) 

Figure Page 

4-1 Configuration II-l Monocoque Fiberglass Cylinders 4-2 

4-2 Configuration II-3 Stiffened Fiberglass Cylinders 4-3 

4-3 Setup of Short-Column Test Specimens with Single-Axis 4-6 

Bending Control and Strain Measurements 

4-4 Setup of Short-Column Test Specimens with Two-Axis Bend- 4-8 

ing Control and Strain Measurements 

4-5 Specimens of Configuration II-l After Compressive Failure 4-11 

4-6 Specimens of Conf iguration II-2 After Compressive Failure 4-12 

4-7 Specimen X- 17-23-3 After Failure in Compressive Crippling 4-13 

4-8 Specimens of Configuration II-3 After Compressive Failure 4-l4 

4-9 Compressive Stress-Strain Curves for the Configuration 4-l6 

II-l Monocoque Fiberglass Cylinders 

4-10 Compressive Stress-Strain Curves for the Configuration 4-17 

II-2 Monocoque Fiberglass Cylinders 

4-11 Compressive Stress-Strain Curves for the Configuration 4-l8 

II-3 Stiffened Fiberglass Cylinders 

4- 12 Compressive Stress-Strain Curves for the Configuration 4-19 

II-4 Monocoque Fiberglass Ogives 

5- 1 Itypical Split Casting Mold Used to Produce Salt Mandrels 5-5 

for Ogive Struts 

5-2 Completed Fiberglass Test Specimens 5-7 

5-3 Typical Salt Mandrel, End Fittings, and a Completed III-l 5-9 

Specimen 

5- 4 Typical Winding Operation Near Completion 5-H 

6- 1 Cryogenic Test Complex 6-2 

6-2 lypical Test Setup 6-4 

6-3 Schematic of the Dynamic Test System 6-5 

6-4 Maximum Displacement-Frequency Characteristics of the 6-6 

MTS Test System 

6-5 Specimen III-1A After Failure in Tension 6-10 

6-6 Specimen III-3F After Ehilure In Tension 6-11 

6-7 Specimen III-2B After Philure in Compressive Crushing 6-12 

6-8 Specimen III- 3D After Failure in Cyclic Loading 6-l4 

6-9 Specimens of Configuration III-l After Testing to Ehilure 6-17 

x 


LOCKHEED MISSILES 8c SPACE COMPANY 



ILLUSTRATIONS (Cont'd) 


Figure 


Page 

6-10 

Specimens of Configuration III-2 After Testing to Failure 

6-18 

6-11 

Specimens of Configuration III-3 After Testing to Failure 

6-19 

6-12 

Stress-Strain Curves for Typical Specimens of Strut 
Configuration III-l 

6-20 

6-13 

Stress-Strain Curves for Typical Specimens of Strut 
Configuration III-2 

6-21 

6-14 

Stress-Strain Curves for Typical Specimens of Strut 
Configuration IH-3 

6-22 

7-1 

Photomicrograph of a Typical Specimen 

7-14 

7-2 

Typical S-N Fatigue Data for Composite Fiberglass Materials 

7-15 

7-3 

Comparison of Monocoque Fiberglass and Titanium Strut 
Inert Weights 

7-21 

7-4 

Comparison of Heat Rates for Fiberglass and Titanium 
Strut Supports 

7-23 

B-l 

Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 1.5-in.-(3*8l-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-2 

B-2 

Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 1.75-in. -(4. 45-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-3 

B-3 

Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 2.0-in.-(5.o8-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-4 

B-4 

Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 2.25-in.-(5*72-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-5 

B-5 

Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 2.5-in.-(6.35-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B -6 

B -6 

Predicted Ultimate Compressive Loads for 29-in. -(73*7-cm-) 
Long, 1.75-in. -(4. 45-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-7 

B-7 

Predicted Ultimate Compressive Loads for 29-in. -(73*7-cm-) 
Long, 2.0-in. -( 5 . 08-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B -8 

B -8 

Predicted Ultimate Compressive Loads for 29-in.-(73*7-cm-) 
Long, 2. 25-in. -(5 * 72 - 00 -) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-9 


xl 


LOCKHEED MISSILES & SPACE COMPANY 


ILLUSTRATIONS (Cont'd) 


Figure 


Page 

B-9 

Predicted Ultimate Compressive Loads -for 29-in.-(73.7-cm-) 
Long, 2. 5-in. -( 6 . 35-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil ( 0.30- mm) Longo Wrap Thickness 

B-10 

B-10 

Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 2.0-in. --( 5 . 08 - 0111 -) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-ll 

B-ll 

Predicted Ultimate Compressive Loads for 40-in.-(l0i.6-cm-) 
2.25-in.-(5-72-cm-) Diameter Stiffened Fiberglass Cylinders 
with a 12-mil ( 0.30-mm) Longo Wrap Thickness 

B-12 

B-12 

Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 2.5-in. -( 6 . 35-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil ( 0.30-mm) Longo Wrap Thickness 

B-13 

B-13 

Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm) 
Long, 2. 75-in* -( 6 . 99- cm - ) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil ( 0.30-mm) Longo Wrap Thickness 

B-14 

B-14 

Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 3*0-in.-(7.62-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-15 

B-15 

Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 1.5-in-( 3.8l-cm- ) Diameter Stiffened Fiberglass 
Cylinders with an l 8 -mil (0.46-mm) Longo Wrap Thickness 

B-16 

B -16 

Predicted Ultimate Compressive Loads for 40-in-(l01.6-cm-) 
Long, 2.0-in.-(5.08-cm-) Diameter Stiffened Fiberglass 
Cylinders with an 18-mil ( 0.46-mm) Longo Wrap Thickness 

B-17 

B -17 

Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 2. 5-in. -( 6 . 35-cm-) Diameter, Stiffened Fiberglass 
Cylinders with an 18 -mil ( 0.46-mm) Longo Wrap Thickness 

B-18 

B-l 8 

Predicted Ultimate Compressive Loads for 40-in.-(101.6_cm-) 
Long, 3*0-in.-(7.62-cm-) Diameter Stiffened Fiberglass 
Cylinders with an 18-mil (0.46-mm) Longo Wrap Thickness 

B-19 

F-l 

Idealized Strut Cross-Section Geometry 

F-3 


xii 


LOCKHEED MISSILES & SPACE COMPANY 



TABLES 


Table Page 

3-1 Summary of Design Parameters 3-6 

3-2 Summary of Parametric Analysis Cases 3-7 

<^3-3 Preliminary Estimates of End-Fitting Weights 3-52 

3-4 Characteristics of Struts Selected for Detailed Studies 3-6l 

3-5 Comparison of Physical-Thermal Properties of Candidate 3-66 

End-Fitting Materials with those of Fiberglass 

3-6 Summary of Strut and Fitting Design Ultimate Loads 3-69 

3-7 Ultimate Static Load Capability for SWIM- and DEEM- 3-70 

Series Rod -Ends 

3-8 Summary of Static and Cyclic Load Capability for 3-73 

SWRF and 2BEEF Series Rod-Ends 

3-9 Required Radiation Shield Spacing Density, n/L c 3-76 

3-10 Comparison of System Heat Transfer and Weight Data for Strut 3-78 

Configuration 1 with Three Candidate Radiation Barriers 

3-11 Summary of Design Requirements for Selected Task 2 Struts 3-79 

3- 12 Summary of Design Requirements for Selected Task 3 Struts 3-92 

4- 1 Summary of Winding Requirements for Task 2 Struts 4-5 

4- 2 Summary of Task 2 Test Results 4-9 

5- 1 Property Data for Paraplast 36 Salt 5-6 

6- 1 Summary of Measured Eccentricities and Predicted Ultimate 6-8 

Compression Loads for Task 4 Strut Specimens 

6- 2 Summary of Task 4 Fiberglass Strut Test Results 6-15 

7- 1 Results of Laboratory Analysis for Configuration II-l 7-4 

Test Specimens 

7-2 Results of Laboratory Analysis for Configuration II-2 7-5 

Test Specimens 

7-3 Results of Laboratory Analysis for Configuration II-3 7-6 

Test Specimens 

7-4 Results of Laboratory Analysis for Configuration II-4 • 7-7 

Test Specimens 

7-5 Summary of Compressive Stress, Elastic Modulus, and 7-8 

Crippling Coefficient Values from Task 2 Short-Column Tests 

7-6 Results of Laboratory Analysis for Configuration III-l 7-10 

Test Specimens 


xiii 


LOCKHEED MISSILES & SPACE COMPANY 


Table 


TABLES (Cont'd) 


7-7 

Results of Laboratory Analysis for Configuration III-2 
Test Specimens 

7-11 

7-8 

Results of Laboratory Analysis for Configuration I II- 3 
Test Specimens 

7-12 

7-9 

Thermal and Mechanical Properties of Tubular Fiberglass 
Support Structures 

7-17 

7-10 

Comparison of Effective System Weights for Fiberglass 
and Titanium Strut Supports 

7-24 

C-l 

Summary of Heat Leaks for Monocoque Fiberglass Cylinders 
with a 12-mil (0.30-mm) Longo Wrap Thickness 

C-2 

C-2 

Summary of Heat Leaks for Monocoque Fiberglass Cylinders 
with an l8-mil (0.46-mra) Longo Wrap Thickness 

C-3 

C-3 

Summary of Heat Leaks for Monocoque Fiberglass Cylinders 
with a 24-mil (0.6l-mm) Longo Wrap Thickness 

C-4 

c-4 

Summary of Heat Leaks for Monocoque Fiberglass Ogives 
with a 12-mil (0.30-mm) Longo Wrap Thickness at Midspan 

C-5 

C-5 

Summary of Heat Leaks for Monocoque Fiberglass Ogives 
with an 18-mil (0. 46-ram) Longo Wrap Thickness at Midspan 

C-6 

C-6 

Summary of Heat Leaks for Monocoque Fiberglass Ogives 
with a 24-mil (0.6l-mm) Longo Wrap Thickness at Midspan 

C-7 

C-7 

Summary of Heat Leaks for Monocoque Fiberglass -Boron 
Cylinders 

C-8 

C-8 

Summary of Heat Leaks for Glass-Stiffened Fiberglass 
Cylinders 

C-9 

C-9 

Summary of Heat Leaks for Boron-Stiffened Fiberglass 
Cylinders 

C-10 

c-io 

Summary of Heat Leaks for Boron-Stiffened Fiberglass 
Ogives 

C-ll 

D-l 

Summary of Comparative System Weights for Analysis, 
Cases I Through 6 

D-2 

D-2 

Summary of Comparative System Weights for Analysis 
Cases 7 Through 10 and 12 Through l6 

D-3 

E-l 

Summary of Dimensions and Winding Requirements 

E-10 

E-2 

Summary of Maximum Allowable Manufacturing Tolerances 

E-ll 


xiv 


LOCKHEED MISSILES & SPACE .COMPANY 


ABSTRACT 


A comprehensive 5-task program of analysis, design, 
fabrication, and test activities vas conducted under 
Contract NAS 3-12037 to develop additional technology 
needed for application of fllament-vound fiberglass 
strut 8 to cryogenic flight tankage. It vas conclu- 
sively verified during the program that monocoque 
cylinder or ogive struts are optimum or near-optimum 
for the range of lengths and loads studied, that a 
higher strength-to-veight ratio can be achieved for 
fiberglass struts than for any metallic struts, and 
that integrally-wrapped metallic end fittings can be 
used to achieve axial load transfer without reliance 
on bond strength or mechanical fasteners. In addition, 
design predictability within approximately ± 15 percent 
and manufacturing reproducibility within approximately 
± 10 were demonstrated. 
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Section 1 


SUMMARY 


The primary objective of the HAS 3-12037 contract program was to develop a 
low heat leak, filament-wound fiberglass strut with integral end fittings 
that has a strength-to-veight ratio in tension and compression exceeding 
that for any metallic strut of equal length and load capability. This ob- 
jective was achieved with a comprehensive program of analysis, design, fab- 
rication, and test activities conducted under five related tasks. 


It was found in the Task 1 studies that monocoque cylinders are optimum for 
short, lightly-loaded struts. For this application, inert weights vary in- 
significantly, whereas system weight variations are substantial, for differ- 
ent candidate designs. For example, for l 8 -in . -( 45 . 7-cm- ) long LF 2 tank 
supports designed for an ultimate compressive load of 980 lbf (4360 N), it 
was found that the inert weight per strut varied less than 0.06 lbm ( 0.027 kg), 
while the maximum scatter in system weight per strut including boiloff for 
200 days of storage was 3*62 lbm (1.64 kg). The average inert and system 
weights per strut computed for all candidate designs in this example were 
1.13 lbm ( 0.51 kg) and 6.07 lbm (2.75 kg ), respectively. 

For 40-in.-(l01.6-cm-) long LHg and LFg tank support strut candidates de- 
signed for an ultimate compressive load of 8400 lbf ( 37,360 N), stiffened 
cylinder and monocoque ogive designs were found to be optimum. In this 
case, maximum variations of 0.34 lbm ( 0.15 kg) for an average inert weight 
of 3*36 lbm ( 1.52 kg), and 0.66 lbm ( 0.30 kg) for an average system weight 
of 6.75 lbm ( 3.06 kg), were determined from the analysis. 


Experimental values of compressive modulus of elasticity determined from 
short-column compression tests conducted in Task 2 ranged from 6.47 x 10^ psi 
(4.46 x 10 10 N/m 2 ) to 7.64 x 10 6 psi (5.27 x 10 10 N/m 2 ) for ratios of longo- 
to-circ glass area of 1.0 and 2.0, respectively. Results of these tests also 
showed that isotropic crippling coefficients ranging from 0.242 to 0.299 were 
achieved. 


* as used herein, system weight is defined as the sum of the inert and boil- 
off weights per strut 
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Design data, analysis procedures, and fabrication processes developed in 
flasks 1 , 2 , and 3 were verified conclusively by the results of tension, com- 
pression, and cyclic-load tests conducted in I&sk 4. In general, failure 
loads achieved were within ± 15 percent of those predicted by analysis for 
tension and compression test specimens. Typical failures occurred in ten- 
sile fracture of the longo rovings near midspan or at the warm-end fitting 
for tension specimens, and in crushing of the strut body wall near midspan 
for the compression specimens. In the cyclic load tests, from 207 to 57&1 
cycles of near- limit loading were achieved prior to tensile fracture of the 
longo rovings near the warm-end fitting. No failures were encountered in 
the fittings or in the fiberglass near the cold end of any of the specimens 
during any of the tests. 

Results of extensive pre-test and post-test analysis conducted under Task 5 
showed that significant manufacturing parameters could be controlled within 
approximately ± 10 percent with existing equipment and procedures. This task 
was concluded by compiling thermal and mechanical design properties for gen- 
eral use, and by showing the advantages in system weight and other important 
characteristics for fiberglass struts compared to fiberglass tension straps 
or titanium struts. For example, the total system weight computed for six 
36 -in. -( 91 . 4-cm-) long fiberglass struts, each designed for an ultimate com- 
pressive load of 8400 lbf (37,360 N) to support a LH 2 tank for a 220-day 
mission, was 33*9 lbm (15.4 kg) compared to 120 lbm (54.2 kg) for six titan- 
ium struts of the same length and load capability. 

It was concluded from results of the analysis and test activities conducted 
during this program that monocoque cylinder or ogive strut designs are either 
optimum or can be UBed with negligible weight penalties compared to other de- 
signs for the entire spectrum of lengths and loads investigated. In addition , 
it was shown that fiberglass struts offer strength-to-weight ratios superior 
to those which ftan be achieved for any metallic struts. Also, it was demon- 
strated that ultimate axial load capabilities for fiberglass struts can be 
predicted within approximately ± 15 percent, and that manufacturing parameters 
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can be controlled within approximately ± 10 percent. Finally, the concept 
of using integrally-wrapped metallic end fittings rather than bonded Joints 
or mechanical fasteners to achieve axial load transfer wa6 verified by test, 
and it was shown that the fatigue-life of titanium end fittings can be ex- 
tended by using rolled external threads. The technology developed to date 
can readily be applied to the design of high-strength, low heat leak fiber- 
glass struts for any future flight hardware applications. However, addi- 
tional cyclic-load testing is needed to completely characterize the fatigue- 
life capability of particular designs. 
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Section 2 


INTRODUCTION 


Heretofore, much of the potential advantage offered by fiberglass tank 
supports due to the high tensile strength, low density, and low thermal 
conductivity of the material has not been realized because of grossly in- 
efficient glass- to-met al joint designs and non- optimum winding patterns. 
Previous designs achieved load transfer from metallic end fittings into 
the fiberglass strut body through either bonded joints or mechanical fast- 
eners. Also, some previous designs relied on helic rather than polar 
windings in the longitudinal direction to react primary axial loads. Since 
the helic windings intercept the longitudinal axis of the strut at a signi- 
ficant angle (e.g., 25 to 35 degrees for typical designs), a thicker wall 
is required for given material properties. This does not necessarily re- 
sult in a significant increase in composite inert weight, but does result 
in a significantly higher heat leak and boiloff weight for long-duration 
missions. 

The most significant feature of the designs investigated during this con- 
tract program is that polar-oriented longo rovings are wound continuously 
over captured internal metallic fittings, thus providing a continuous, 
efficient, tension load path. In addition, metallic caps are then in- 
stalled over the longo rovings at each end to provide a direct compression 
load path in bearing. The compression caps are secured to the internal 
fittings with lock nuts and safety wire. Reaction of axial loads in 
either direction is, therefore, optimum as well as completely independent 
of the bond shear strength of the resultant joint, and mechanical fasten- 
ers are not required between the metal and fiberglass components. 

Initially, the basic concept of a tubular, filament-wound fiberglass 
support strut with integral metallic end fittings was evolved under Con- 
tract NAS 3-79T9, "Cryogenic Tank Support Evaluation." The manufacturing 
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feasibility was demonstrated under a concurrent Lockheed Independent Re- 
search and Development program wherein three prototype struts were fabri- 
cated. One of these was thermally tested under the NAS 3-7979 contract. 
Based on the pr om ising results obtained from that previous work, the pre- 
sent program under Contract NAS 3-12037, "Fiberglass Supports for Cryogenic 
Tanks," was undertaken. In this program, structural design data were 
developed and the structural integrity of the basic design concept was 
successfully demonstrated. Additional data on manufacturing alternatives 
and the reproducibility achieved have also been provided under a Lockheed 
Manufacturing Research Investigation, MRI 615.00, conducted concurrently 
with the present contract program. 

The primary goal of the NAS 3-12037 contract program was to develop a low 
heat leak, filament -wound fiberglass strut with integral end fittings that 
has a strength-to-weight ratio in tension and compression exceeding that 
for any metallic strut of equal length and load capability. To achieve 
this goal, the program was conducted trader five related tasks which are: 

Task 1 - Structural Design 

Task 2 - Experimental Concept Screening Program 

Task 3 - Strut Fabrication 

Task 4 - Test Program 

Task 5 - Post-Test Inspect! chi and Data Correlation 

In Task 1, parametric structural and thermal analyses were conducted on 
sixteen selected design configurations which offered five different types 
of wall construction. These included both cylindrical and ogive shells 
of revolution, and both monocoque and longeron-stiffened wall designs. 

Each of the selected configurations was Investigated for a wide range of 
specified design loads and strut lengths. Many of the guidelines and 
design values used were derived from previous work performed by the Boeing 
Company under Contract NAS 8-18037 . Based on the results of the parametric 
analysis, six configurations were selected and used as the basis for 
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detailed design and analysis of internal end fittings, rod-end fittings, 
and core insulation. Four of these designs were then selected for further 
investigation. 

A screening program was conducted under Task 2 to obtain experimental 
values of compressive modulus of elasticity and crippling coefficient. 

Three specimens each of the four selected designs were fabricated, and 
short column specimens cut from each were tested to failure in compression 
at room temperature. Results of these tests were used to revise and up- 
date the parametric structural analysis and to finalize the design of 
three selected configurations under Task 1. 

Subsequently, eight specimens each of the three final designs were fabri- 
cated under Task 3* Mandrel tooling, water-soluble mandrels, internal end 
fittings, rod-end fittings, and attachment hardware for all struts fabri- 
cated during the program were either procured or manufactured under this 
task. 

Full-scale tension, compression, and cyclic loading structural tests were 
performed on the final design hardware in Task 4. Two or more specimens of 
each design were tested to failure in each of the three loading modes. All 
of these specimens were tested with one end of the strut completely sub- 
merged in liquid nitrogen to simulate design environment temperatures. 

Extensive pre-test and post- test laboratory analyses of the Task 2 and Task 
4 strut specimens were conducted under Task 5» In addition, a review of 
current technology was conducted with regard to the design, analysis, and 
fabrication of fiberglass struts. A compilation of thermal and mechanical 
properties, and a comparison of system performance for fiberglass and 
titanium struts with equal structural capabilities, were included in this 
review. 
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Section 3 


TASK 1 - STRUCTURAL DESIGN 

Early in Tbsk 1, a parametric analysis was conducted to assess structural 
and thermal capabilities of filament-wound fiberglass struts for a wide 
range of specified lengths and loads. Design guidelines and constraints, 
established at the beginning of the analysis, were based on the results of 
previous contract studies. Parameters selected for investigation included 
strut wall configuration, stiffener material and configuration, composite 
thickness, column length, and outside diameter. Initially, only compressive 
load capabilities were determined for the selected analysis cases since, in 
general, struts optimized for compressive loads were not found to be critical 
in tension. For stiffened configurations, the effect of varying the number 
and spacing of the stiffeners was also investigated. A one-dimensional ther- 
mal analysis was performed for each candidate design to determine longitud- 
inal heat leak due to conduction and radiation heat transfer mechanisms. 

Strut component inert weights and propellant boiloff weights resulting from 
the heat leak for representative mission durations were computed and com- 
pared. 

Results of the parametric analysis were evaluated to select six promising 
candidate strut designs for more detailed study. Preliminary design drawings 
were prepared for each of these candidates. Basic configuration details, 
alternate end fitting designs, and approximate dimensions were established 
in these drawings. Detailed tradeoff studies *of the end fitting designs 
and internal radiation barrier concepts were conducted. Based on an eval- 
uation of the resulting data, four of the six candidate designs were selected 
for fabrication and test during the Task 2 experimental screening program. 

Subsequently in Task 1, detailed design drawings were prepared for each of 
the four selected candidates. Hardware dimensions and manufacturing toler- 
ances were established in these drawings for the basic strut body, end 
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fittings, compression caps, and mandrels. Other design characteristics such 
as resin content, winding pattern, and end fitting surface treatment were 
also established. 

Following completion of the Task 2 experimental screening program, three of 
the four design candidates were selected for fabrication in Task 3 and full- 
scale testing in Task The final effort in Task 1 consisted of revising 
the design drawings and parametric design curves previously developed for 
these three candidates. Experimentally-derived values of elastic modulus, 
which were obtained during the Task 2 test program, were used in the rev- 
ision* 

Details of the work performed in Task 1, together with the drawings and the 
parametric data which resulted from it, are presented in this section. 

3.1 PARAMETRIC STRUCTURAL AND THERMAL ANALYSIS 

3.1.1 Design Requirements and Guidelines 

Basic requirements for all strut design candidates were specified in the con- 
tract. These requirements can be summarized as follows: 

• The main column structures shall be of a tubular configuration, 
and shall be fabricated from S-901 glass-fiber filaments embedded 
in an E-787 epoxy resin matrix 

* 

• The glass -fiber filaments shall be oriented in the two principal 
directions of the strut (i.e., approximately parallel to the 
longitudinal axis and circumferential) 

• The longo (i.e., longitudinal) wraps shall be wound continuously 
over the end fittings in order to provide an integral structure 
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• The end fittings shall be of a metallic material that will 
provide a minimum overall strut weight consistent with optimum 
structural and thermal performance 

* An internal radiation barrier or low-emittance thermal coating 
shall be provided to reduce heat transfer by radiation through 
the strut core cavity 

It was determined early in the Task 1 analysis that for integrally-wound 
struts the longo rovings must be applied in double-thickness wraps (i.e., 
two complete longo wraps for each complete rotation of the mandrel about 
the longitudinal axis). As shown in Fig. 3-lj a complete rotation of the 
mandrel is required in order to provide continuous wraps, since the longo 
rovings must clear the threaded portion of the end fittings. Consequently, 


single 

wrap 



(a) Winding pattern after 180° 
of mandrel rotation 



double 

wrap 

over entire 
surface 


(b) Winding pattern after 360 ° 
of mandrel rotation 


Fig. 3-1 End View of Integrally-Wound Fiberglass Strut 


only struts with two, four, or some other even number of longo wraps can be 
fabricated by this technique. However, the thickness of each pair of longo 
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wraps (and, therefore, total longo thickness) can be varied to achieve opti- 
mum designs by adjusting the spacing between successive longo rovings.* 

During the selection of candidate configurations for the parametric analysis, 
results of two previous contract studies (Refs 1 and 2) were evaluated. It 
was found from the evaluation of NAS 8 -I 803 T contract results that minimum 
scatter for compressive load capability was achieved with winding patterns 
where the longo rovings were sandwiched between inner and outer circ (i.e., 
circumferential) wraps. It was also found for these winding patterns that 
stress values at failure varied only slightly with resin content where the 
latter was kept within the approximate range of l8 to 23 percent by weight 
(31.3 to 38 percent by volume) (Ref 1, Figs. 6-77 and 6 - 83 ). The optimum 
resin content was found to be approximately 20.8 percent by weight (35 per- 
cent by volume) . This value was selected as the nominal target for all de- 
signs which were investigated during this contract program. 

It was found during fabrication of prototype strut hardware, which was later 
thermally tested in the NAS 3-7979 contract study, that the minimum practical 
diameter for integrally-wound struts is approximately 1.5 in. (3*8 cm). This 
limitation results from the thread size of suitable rod-end hardware and from 
the necessity to maintain the ratio of end fitting outside diameter to 
threaded section outside diameter sufficiently high so that the longo rovings 
will not slip off of the fitting shoulders during winding. 

Based on these previous study results, and on preliminary design work con- 
ducted under this program, the following design guidelines were established 
for the Task 1 analysis: 


* This was demonstrated later in Tasks 2 and 3 where it was shown that the 
thickness of a double longo wrap could be varied within the approximate 
range of 8 to 2k mils (0.20 to 0.6l mm) using 8-end roving yarn without 
introducing significant thickness irregularities or excessive voids 
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Investigate both cylindrical and ogive* column shapes 


• Consider only winding patterns which consist of inner and 
outer circ wraps with longo wraps sandwiched in between 

• Assume a nominal thickness of 6 mil (0.15 mm) each for the 
inner and outer circ wraps, and vary the thickness of the 
longo wraps to achieve an optimum design (i.e., one where 
failures in column buckling and local crippling will occur 
at approximately the same compressive load) 

• Assume a minimum practical strut diameter of 1.5 in. (3*8 cm) 

• Consider both monocoque designs and those stiffened with 
longerons, rings, or a combination of these 

• Evaluate chopped Dexiglas + , spaced aluminized Mylar discs 
(radiation shields), and gold coating of the internal sur- 
faces of the strut in order to determine the relative 
effectiveness of these methods for reducing radiative 
heat transfer 

• Evaluate the use of a rigid open-cell polyurethane foam 
core material as a combined structural stiffener (to 
resist local crippling of the tube wall) and as an in- 
ternal radiation barrier 

• Evaluate the use of laid-up boron fiber longos and longerons 
as a means of providing additional stiffness and strength 
to the basic fiberglass -epoxy structures 


* a surface of revolution formed by rotating a circular arc of large radius 
about the longitudinal axis 

+ C. H. Dexter and Sons Paper Company 
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The ranges of design loads, strut lengths, and end temperatures which were 
considered in the parametric analysis were specified in the contract. These 
are summarized in Table 3-1 • An ultimate factor of safety of 1.4, applied 
to the design limit loads in order to obtain ultimate loads, was also speci- 
fied. 


Table 3-1 


SIMMARY OF DESIGN PARAMETERS 


Design Parameter 

Minimum 

— 

Maximum 

Design Limit Load, lbf (N): 



* Compression 

700 ( 3H0) 

6000 (26,700) 

* Tension 

1750 ( 7780 ) 

15000 (66,700) 

Design Ultimate Load, 
lbf (N): 



• Compression 

980 ( 4360 ) 

8400 ( 37 , 400 ) 

* Tension 

2450 (10,900) 

21000 ( 93 , 400 ) 

Strut Length, in. (cm) 

18.0 ( 45 . 7 ) 

4 o.o (101.6) 

End Temperature, °R (°K) 



• Warm End 

400 (222) 

520 (289) 

• Cold End 

37 (21) 

Sr 

CO 


A total of 16 different basic strut configurations were selected for the para- 
metric analysis. Characteristics of these configurations are summarized in 
Table 3-2. They reflect the design guidelines discussed earlier and span the 
ranges of loads and lengths specified in Thble 3-1* As shown, longo wrap 
thicknesses were varied from 12 to 24 mil ( 0.30 to 0.6l ram), strut lengths 

3-6 


LOCKHEED MISSILES & SPACE COMPANY 



Table 3-2 


SUMMARY OF PARAMETRIC ANALYSIS CASES 



J 


BOTES: 

(1) Basic vail construction for all designs consists of integrally-wound longo wraps sandwiched 
between 6-mil- (0.15-tnm-) thick inner and outer clrc wraps. 

(2) Analysis performed for both n on-structural radiation barriers and polyurethane foam core material. 

(3) Longo layer consists of 5 mil (0.13 am) of boron fiber composite laid up over 12 oil (0.30 om) of 
integrally-wound fiberglass rovings. 

(U) Efech longeron consists of half-round cross-section O .080 in. (0.203 cm) in diameter and 0.0025 in. 
( 0.016 car) in area. 

(5) Bach longeron consists of a rectangular cross-section O .32 in. (0.82 cm) vide, 5 mil (0.13 n*n) thick, 
end 0.0016 in , 2 ( 0.0103 cn£) in area. 
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were varied from l 8 to 40 in. (45.7 to 101.6 cm), and strut diameters were 
varied from 1.5 to 3*5 in. ( 3 « 8 l to 8.89 cm). 

3.1.2 Monocoque Fiberglass Cylinders 

Initially in the analysis, monocoque fiberglass cylinders were investigated 
since this configuration is the simplest of those selected in terms of both 
the analysis and fabrication requirements. The struts previously investi- 
gated in the NAS 8-18037 and NAS 3-7979 contract studies were of this general 
type. 

For this configuration, ultimate compressive load capabilities for general 
instability failures were predicted by hand analysis using the classic Euler 
column buckling equation given by 

P C ■ \ A c/( L '/ P c > 2 f 3 ' 1 ) 

Values of E c , A fi , and which correspond to the total composite cross- 
section (i.e., longo wraps plus circ wraps) were used. The effective column 
length, l' , was taken as the actual strut length from center to center of the 
rod-end pins, since only pin-ended columns were considered. 

Prior to beginning the analysis, it was recognized that, for composite struts, 
compressive load capabilities for local instability (crippling) failures are 
more difficult to predict (i.e., the scatter of predicted and actual values 
is greater) than for general instability failures, since they are dependent 
upon axial, circumferential, and shear stiffness properties. Consequently, 
they are much more sensitive to fabrication imperfections and dimensional 
tolerances than are the column buckling capabilities. In the analysis, 
crippling load capabilities were predicted in two different ways and the 
results were compared. 

Initially, the classic isotropic crippling equation for thin-wall tubes was 
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/ 


used. This is given by 


P 

CRP 


KE A (t /R ) 
c c ' c' c' 


(3-2) 


where the tube radius, R c , was evaluated at the center of the total composite 
cross-section thickness, t c< Values of the isotropic crippling coefficient, 
K, were taken from the previous experimental work (Ref 1, Fig. 6-78). 

However, past experience with large fi lament -wound composite structures (i.e., 
rocket motor cases) has shown that a better correlation can be obtained be- 
tween predicted and actual crippling load values for structures of this type 
using orthotropic properties and a more general solution of the form 

Pda, - f [e, I, G, J, h . A, L, t e /R c J (3-3) 

In this functional expression, the modulus, stiffness , and geometry variables 
indicated are selected to precisely define both the longitudinal and trans- 
verse characteristics of the stiffeners and the structural core material 
(where applicable) as well as those of the basic orthotropic shell. Because 
of the complex interaction of these variables, a computer solution is re- 
quired. In the Task 1 analysis, the final predictions of crippling capability 
shown on each design curve were obtained using a solution of this form and 
the BARSIN computer program which is described briefly in Appendix A. 

Test results from the NAS 8-18037 contract program (Ref 1, Table 6-10) were 
compared with analytical predictions of crippling capabilities obtained 
using the BARSIN computer program. No "knockdown factor" to account for 
fabrication imperfections was used initially in this analysis. It was 
found that the analytical results were consistently double the test results 
for the configurations of interest (i.e., configurations b, 5 , and 6 from 
Ref 1, Fig. 6-70). Since no other test data were available at that time, 
it was assumed that the reduced experimental failure loads resulted from 
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inherent fabrication imperfections and tolerances. Consequently, in the sub- 
sequent parametric analysis of Task 1, a knockdown factor of 0.5 was used. 

Later, when results of the Task 2 short-column tests from this program were 
compared with the predicted values, it was found that the original pre- 
dictions (which did not include the knockdown factor) correlated very well 
with the test values. It was concluded that the knockdown factor was not 
required . 

It was also found in the Task 2 work that the experimental failure load ob- 
tained for a particular specimen, for which bending was measured and con- 
trolled about only one transverse axis, was approximately half that for a 
similar specimen of the same design for which bending was measured and con- 
trolled about both transverse axes. It was concluded that bending effects 
can be extremely significant for this type of structure, and that measure- 
ment and control about both axes was mandatory for all subsequent specimen 
tests (see discussion in Section 4.2.1). 

Since the NAS 8-l803T contract tests were performed in a standard test mach- 
ine (Ref 1, Fig. 6-71) without measurement or control of inherent bending 
effects, it can only be assumed that such effects may have decreased the 
true crippling capability. No other explanation can be found for the appar- 
ent discrepancy between the test results obtained in the two programs. 

During the Task 1 parametric analysis, no attempt was made to predict com- 
pressive load capabilities for bond shear (local crushing) failures. Later, 
this mode of failure was encountered during Task 2 testing, and the analysis 
was expanded to include prediction techniques and results (see Section 4.2.1) . 


In the analysis, composite elastic modulus values were computed using known 
values of the elastic modulii for glass fibers and epoxy resin and the "law 
of mixtures" given by 
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E 

c 


An E + A E 
■tg g r r 

A 


(3-4) 


It was shown in the NAS 8-18037 contract work. (Ref 1, page 140) that elastic 
modulus values computed in this manner correlated well with those obtained 
experimentally. Using this equation, the circ wraps are treated as though 
they are composed entirely of resin, since the glass fibers are not contin- 
uous in the longitudinal direction. Values of E^ and E^ from the literature 
(Ref 1, page 145) are 12.5 x 10^ and 5*28 x lO'’ psi (8.62 x 10"^° and 
3.64 x lCr N/m ), respectively. Substituting these values into equation (3-4) 
longitudinal modulus values computed for the total composite cross-section 

were 4.42 x 10 6 , 5. 20 x 10 6 , and 5.72 x 10 6 psi (3.05 x 10 10 , 3.59 x 10 10 , 

10 2 

and 3.94 x 10 N/m ), respectively, for monocoque cylindrical struts com- 
posed of 12- , l8- , and 24- mil (0.30-, 0.46-, and 0.6l- mm) longo wraps 
sandwiched between 6-mil (0.15- mm) inner and outer circ wraps. 

Composite cross-section area, A , and radius of gyration, p , values are pre- 

c c 

sented in Figs. 3-2 and 3-3 > respectively, as a function of composite thick- 
ness,, t^, and outside diameter, D q , for monocoque fiberglass cylinders. 

These data were taken from standard tube tables, and are included herein only 
for convenience in performing hand calculations. 

Plots of predicted ultimate compressive load capability as a function of 
column length and strut diameter, which were developed during the parametric 
analysis, are presented in Figs. 3-4, 3-5 , and 3-6, respectively, for mono- 
coque fiberglass cylinders with longo wrap thicknesses of 12, 18 and 24 mil 
(O.30, 0.46, and 0.6l mm). In developing these plots, predicted ultimate 
compressive load capabilities for general instability failures were computed 
by hand using equation (3-1)* The capabilities for local crippling failures, 
both for struts with foam-core radiation barriers and for those with non- 
structural cores, were computed using the BARSIN computer program. 
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Composite Cross-Section 



Composite Cross-Section Area, A (cm ) 
















Composite Radius of Gyration, P (in.) 


Composite Thickness, t (mm) 



3.25 in. (8.26 cm) 
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Fig. 3-3 Composite Radius of Gyration as a Function 
of Thickness and Outside Diameter 


LOCKHEED MISSILES 8t SPACE COMPANY 


Composite Radius of Gyration 







Ultimate Compressive Load (lbf x 10 


Strut Length (cm) 



Fig. 3-4 Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Cylinders with a 12-mil (0.30-mm) Longo 
Wrap Thickness 


, 3-14 

LOCKHEED MISSILES 8c SPACE COMPANY 


Ultimate Compressive Load (N x 10 



Ultimate Compressive Load (lbf x 10 



Fig. 3-5 Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Cylinders With an l8-mil (0.46-mm) Longo 
Wrap Thickness 
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Fig. 3-6 Predicted Ultimate Compressive Loads for Monocoque 
Fiberglass Cylinders with a 24-mil (0.6l-mm) Longo 
Wrap Thickness 

3-16 


LOCKHEED MISSILES & SPACE COMPANY 


Ultimate Compressive Load (N x 10" 








Structural properties of the rigid, open-cell polyurethane foam assumed in 
the analysis were obtained from a previous study of foam insulations (Ref 3, 
pages 39 and 40). The elastic modulus value used was 1050 psi (7.24 x 10^ 
N/m ), and a value of 0.3 was used for Poisson's ratio. 

As shown in Figs. 3-4 and 3-5 for monocoque cylinders with 12- and 18-mil 
(0.30- and 0.46-mm) longo wrap thicknesses, respectively, the foam core 
material provides additional crippling load capability, but does not appreci- 
ably increase the general column buckling capability. For example, for a 
2.5-in.-(6.35-cm-) diameter strut with a 12-mil (0.30-mm) longo wrap thick- 
ness, the addition of a foam core results in an increase in ultimate 
crippling load capability from 3^60 lbf (15, 39^ N) to 3780 lbf (l6,8lO N), 
or approximately 9 percent. However, for this example case, the general 
column buckling capability (proportional to' the El product) increases only' 
approximately 0.3 percent. Consequently, the effect of the foam core on 
column buckling capability was neglected in the data presented. Note that 
the increase of crippling strength for struts with foam cores is slightly : ■ 
dependent on diameter, whereas that for struts with non-structural cores is 
not. The crippling load capability of foam-core struts with a 24-mil 
(0.6l-mm) longo wrap thickness (Fig. 3-6) is not shown since it is greater 
than the maximum load value requirement specified in Table 3-1* 

The relationship of strut outside diameter with length required for optimum 
monocoque fiberglass cylinders (i.e., those with equal column buckling and 
local crippling capabilities) was determined by cross-plotting the data 
given in Figs. 3-4, 3-5, and 3-6. Results are presented in Fig. 3-7 for 
longo wrap thicknesses of 12, 18, and 24 mil (0.30, C.46, and 0.6l mm). 

Predicted ultimate compressive loads as a function of strut outside diameter 
can also be determined by cross-plotting the data given in Figs. 3-4, 3-5, 
and 3-6 for struts of any particular length. Fig. 3-8 shows a plot of this 
type for struts 40' in. ( 101.6 cm) long. 
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Fig. 3-7 Outside Diameter as a Function of Strut Length for 
Optimum Monocoque Fiberglass Cylinders 
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3 . 1.3 


Monocoque Fiberglass Ogives 

The shape of the exterior wall of this strut configuration is a surface of 
revolution formed by rotating a circular arc of large radius about the 
longitudinal axis. Since the resulting cross-section geometry, ratio of 
longo glass to circ glass, and elastic modulus values all vary along the 
length, it is somewhat more complex to analyze than the monocoque cylinder. 
However, in terms of fabrication requirements, it is quite similar to the 
monocoque cylinder. The primary advantage of the ogive shape is that the 
maximum cross-section radius of gyration is at the midspan where it pro- 
vides maximum column buckling capability with minimum diameter (and weight) 
end fittings. A secondary advantage is that during winding of the longos, 
a component of the tension maintained in the roving is directed inward to- 
ward the center of the mandrel arc. This inward component of force aids in 
achieving a compact composite cross-section with minimum voids. 

Since the number of longo rovings (and, therefore, total longo composite 
area) is constant over the length of an ogive strut, the thickness of the 
longo wrap varies inversely with cross-section radius, R c . The thickness 
of the circ wrap, on the other hand, remains constant over the length, thus 
providing a total circ composite area directly proportional to the cross- 
section radius. As a consequence, the ratio of longo-to-circ glass area, 

A /g/ A C g* an(i the elastic modulus of the composite cross-section, E c , vary 
over the length of the strut. In addition, since the cross-section radius, 
R , varies along the length, values of total composite thickness ,: t , total 

C 

composite cross-section area, A , and cross-section radius of gyration, P , 

c c 

also vary with longitudinal position along the strut. 

Compressive load capabilities for monocoque fiberglass ogives can be pre- 
dicted using the same general analytical approach described earlier for 
cylinders. However, since the cross-section properties vary along the 
length, a computer solution was used in the parametric analysis to deter- 
mine values of predicted ultimate column buckling capability. The COLUMN 
computer program (Ref Appendix A) was used for this purpose. 
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Local crippling failures will always occur at midspan for the monocoque 
ogive configuration, since this is where the critical crippling parameter, 
t c /R , is always minimum. In the initial analysis, an allowable orthotropic 
crippling load value was computed using equation (3-3) for an equivalent 
cylindrical strut where the value of t /r was taken as that at midspan 
for the ogive strut. This provided an approximate solution only, since it 
neglects the additional capability afforded by the double curvature of the 
ogive wall. Later, an exact crippling analysis was performed for a few 
selected cases using the BOSOR 2 computer program (Ref Appendix A). However, 
it was found that the additional crippling capability due to the double 
curvature for monocoque ogive struts is negligible. 

Bond shear (local crushing) compressive load capabilities for monoque fiber- 
glass ogives were not computed in the Task 1 parametric analysis. As in the 
case of monocoque cylinders, however, this capability was investigated later 
(Ref Section 3*2.3) • 

Predicted ultimate compressive load capabilities for column buckling and 
local crippling failures, as a function of column length and midspan dia- ' 
meter, are presented in Figs. 3-9; and 3-H> respectively, for mono- 

coque fiberglass ogives with longo wrap •' thicknesses at midspan of 12, l8, 
and 24 mil (0.30, 0.46, and 0.6l mm). As shown, crippling values were com- 
puted for ogive struts with rigid, open-cell polyurethane foam cores as 
well as for those with non-structural radiation barriers. However, the 
crippling capability of foam-core ogives with 24-mil (0.6l-mm) longo wrap 
thicknesses at midspan is not shown since it is greater than the maximum 
load requirement specified in Table 3-1* As in the case of monocoque fiber- 
glass cylinders, the foam core material provides a modest increase in 
crippling capability, which varies slightly 'with diameter, but adds negli- 
gibly to the column buckling capability. 

A cross-plot of strut outside diameter at midspan as a function of length 
is presented in Fig. 3-12 for optimum monocoque fiberglass ogives with longo 
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Fig. 3-10 Predicted Ultimate Compressive Loads for Monocoque Fiberglass 

Ogives with an l8-mil (0.^6-mm) Longo Wrap Thickness at Midspan 
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Fig. 3-11 Predicted Ultimate Compressive Loads for Monocoque Fiberglass 
Ogives with a 24-mil (0.6l-mm) Longo Wrap Thickness at Midspan 
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Fig, 3-12 Outside Diameter at Midspan as a Function of Strut Length for 
Optimum Monocoque Fiberglass Ogives 
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Outside Diameter at Midspan (cm 



wrap thicknesses at midspan of 12, 18 , and 24 mil ( 0 . 30 , 0.46, and 0.6l mm). 
An additional cross-plot showing predicted ultimate compressive loads as a 
function of strut outside diameter at midspan is given in Fig. 3-13 for 
4o -in.-(l01.6-cm-) long ogive struts. 

It can be seen by comparison of the data presented in Figs. 3-8 and 3-13 that 
the midspan diameter of an ogive strut must be somewhat greater than that of 
a cylindrical strut of equal length and composite thickness at midspan in 
order to achieve equal column buckling capability. For example, a mono- 
coque ogive strut 2.56 in. ( 6.50 cm) in diameter and 40 in. (101.6 cm) long 
with a 24-mil (0.6l-mm) longo wrap thickness has the same column buckling 
capability, 7490 lbf (33*320 N), as a 2.5-in.-(6.35-cm-) diameter monocoque 
cylindrical strut of the same length and longo wrap thickness. The total 
composite weight of the longo and circ wraps for the ogive strut is approxi- 
mately 96 percent of that for the cylindrical strut in this example. How- 
ever, an additional (and more significant) weight savings would also be 
realized since the outside diameter of the end fittings for the ogive could 
be as low as 1.5 in. (3*8l cm) compared to 2.5 in. ( 6.35 cm) for the cylinder 
For struts of shorter length and/or smaller diameter, the differences in 
midspan diameter and in weight are less for ogives and cylinders of equal 
column buckling capability. 

3.1.4 Monocoque Fiberglass -Boron Cylinders 

A variation of the monocoque fiberglass cylinder configuration, also investi- 
gated during the Task 1 parametric study, utilizes a constant-thickness 
layer of boron fiber longos sandwiched between the integrally-wrapped fiber- 
glass longos and the outer fiberglass circ wrap. Since the boron fibers are 
too brittle to be wrapped continuously around the end fittings, they are 
laid up within an epoxy resin matrix and depend on lap shear load transfer 
through the resin bond in order to distribute axial loads. The potential 
advantage of this configuration lies in the increased composite stiffness 
provided by the high-modulus boron fibers. However, these fibers also 
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Ultimate Compressive Load (lbf x 10 
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Outside Diameter at Midspan (in.) 


Fig. 3-13 Predicted Ultimate Compressive Loads as a Function of Outside 
Diameter at Midspan for 40-in.-(l01.6-cm-) Long Monocoque 
Fiberglass Ogives 
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Ultimate Compressive Load (N x 10 



introduce significantly greater thermal conductivity in the longitudinal 
direction. This increase in axial heat transfer must be traded off against 
the improved structural capability. 

In the structural analysis, an equivalent all-fiberglass composite cru - "- 
section was determined based on the ratio of the elastic modulii. An elastic 
modulus value of 58 x 10^ psi (4.0 x lO^N/m^) for the boron fibers (Ref 4, 
Section 2.2, page l) and a resin content of 50 percent by volume for this 
longo layer were used, together with the values presented previously for the 
glass fibers and the epoxy resin. Predicted ultimate compressive load capa- 
bilities for the resultant equivalent a 11- fiberglass cross-section were then 
computed in the same manner as that described in Section 3.1.2. The results 
are presented in Fig. 3-14 for composite struts with a 12-mil (0.30-mm) 
fiberglass longo wrap thickness combined with a 5-niil (0.13-mm) boron layer 
thickness. The local crippling load capability is not shown in the figure 
since it exceeds the maximum load requirement specified in Table 3-1 • 

It can be seen by comparison of Fig. 3-14 with Fig. 3-5 that the substitution 
of a 5-mil (0.13-mm) thickness of boron fiber longos for a 6-mil (0.15-mm) 
thickness of fiberglass longos results in a significant increase in column 
buckling capability. For example, for a 40-in.-( 101.6-cm-) long, 2.0-in.- 
(5.08-cm-) diameter monocoque fiberglass cylinder with an 18-mil (0.46-mm) 
longo wrap thickness, the ultimate column buckling capability is approxi- 
mately 2900 lbf (12,900 N) . For the same size strut with fiberglass-boron 
longos, the ultimate column buckling capability increases to approximately 
466o lbf (20,730 N) , a gain of approximately 6l percent. 

3.1.5 Stiffened Fiberglass Cylinders 

The use of stiffeners to improve the structural efficiency of monocoque 
fiberglass cylinders was also investigated in the parametric analysis. 
Initially, the addition of circumferential ring stiffeners only was investi- 
gated since it was obvious that the ring material would not contribute 
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Fig. 3-lk Predicted Ultimate Compressive Loads for Monocoque Fiberglass- 
Boron Cylinders with a 17-mil (0.1t3-mm) Longo Wrap Thickness 
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significantly to the longitudinal heat leak. However, this stiffener 
arrangement was found to be impractical as the required ring spacing for 
the range of R c /t values analyzed is on the order of 0.375 to 0.75 in. 

(0.953 to 1.91 cm) resulting in an excessive number of rings. Subsequently, 
configurations with longeron stiffeners and those with a combination of both 
rings and longerons were considered. The configuration finally selected for 
the parametric analysis consists of prefabricated longerons bonded to the 
exterior surface of integrally-wrapped cylinders. Both glass -fiber (laid up 
section) and boron-fiber (pretriramed tape section) longerons were evaluated. 

Ultimate compressive load capabilities for general instability (column 
buckling) failures of this configuration were predicted by hand analysis. 

The Euler column buckling criteria described earlier for monocoque cylinders 
(Equation 3“l) was used. Modulus of elasticity values were determined using 
the law of mixtures (Equation 3-*0 where the longerons were treated in the 
same manner as were the longo wraps for the monocoque cylinders. In the 
case of the boron- fiber longerons, the analysis was based on an all-fiber- 
glass cross-section of equivalent elastic modulus (i.e., increased area). 

As expected, prediction of ultimate compressive load capabilities for local 
instability (crippling) failures of longeron-stiffened tubular cylinders was 
found to be considerably more complex than for monocoque cylinders. In the 
analysis, it was desired to determine both the optimum stiffener spacing and 
the minimum stiffener area required to force crippling of the wall panels 
between stiffeners (i.e., to preclude stiffener crippling) . Since there was 
no existing computer program that could be used to determine these values 
directly, a combination of computer and hand analysis was' used. 

When a thin-wall monocoque cylinder is loaded to failure in a crippling mode, 
the number of natural waves (local diamond buckles), n, which form around 
the circumference is that requiring minimum deformation energy and resulting 
in some minimum compressive allowable load. At selected cross-sections, 
each resulting wave has two points of inflection (sine wave. form), and the 
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wave length, by definition, is equal to the circumference divided by n. If 
stiffeners of sufficient cross-sectional area are then added, with a uniform 
spacing less than one-half of this natural wave length, the actual number of 
waves (with a stiffener located at each point of inflection) can be forced to 
increase. Each of these shorter waves requires a higher deformation energy, 
resulting in an increase in the allowable load. The optimum number of waves 
is that which results in equal total compressive load capabilities, for the 
wall panels alone, in the general instability (column buckling) and local 
(crippling) failure modes. 

In the parametric analysis, the BARSIN computer program was used to compute 
values of allowable panel crippling load as a function of the number of 
waves, n. These values were then plotted along with the hand-computed values 
of allowable column buckling loads for general instability of the wall panels 
alone and for the combination of wall panels and stiffeners together. In 
computing the latter values, the axial strain incurred in the stiffeners was 
assumed to equal that in the wall panels so that the total allowable column 
buckling load was directly proportional to the number of stiffeners. 

Initially in the analysis of cylinders stiffened with glass-fiber longerons, 
a stiffener cross-section 0.100 in. (0.25^- cm) square with an area of 0.010 
in. (0.06^5 cm ) was assumed. Later it was found that this could be reduced 
to a half-round section 0.080 in. (0.203 cm) in diameter with an area of 
0.0025 in. (0.0l6l cm ). The half-round cross-section was found to be suffi- 
cient to preclude crippling of the stiffeners, and this shape also provided 
a maximum bond area to reduce shear stress in the resin. For the boron-fiber 

longerons, a flat rectangular tape cross-section 0.32 in. (0.8l cm) wide by 

2 2 

5 mil (0.13 mm) thick with a cross-sectional area of 0.0016 in. (0.0103 cm ) 
was selected. In this case the flat shape was found to be necessary to re- 
duce the bond area shear stress to an acceptable value. 

Plots of predicted ultimate compressive loads as a function of the number of 
waves formed around the circumference during crippling of longeron-stiffened 
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fiberglass cylinders are presented in Appendix B. These data were computed 
for strut lengths of 18, 29, and 40 in. (45.7, 73.7, and 101.6 cm), for 
strut diameters ranging from 1.5 to 3.0 in. (3.8l to 7.62 cm), and for longo 
wrap thicknesses of 12 and l8 mil (0.30 and 0.46 mm). As shown, the data 
for 40-in.-(l01.6-cm-) long struts include allowables for both glass-fiber 
and boron-fiber longerons, and for both 12- and l8-mil (0.30- and 0.46-mm) 
longo wrap thicknesses. The conditions required for optimally-stiffened 
designs (i.e., those where column buckling and local crippling capabilities 
of the panels are equal) are indicated in each figure. 

Evaluation of the data presented in Appendix B for 40-in.-(l01.6-cm-) long 
stiffened cylinders with 12- and 18-mil (0.30- and 0.46-mm) longo wrap 
thicknesses (Figs. B-10 through B-l8) shows that, for any given compressive 
loading, the stiffened struts with 12-mil (0.30-mm) longo wrap thicknesses 
are always more efficient than those with l8-mil (0.46-mm) thicknesses. Con- 
sequently, only struts with 12-mil ( 0.30-mm) longo wrap thicknesses were in- 
vestigated for the l8- and 29-in. (45.7- and 73*7-cm) lengths. 

Summary plots of the data presented in Appendix B for fiberglass cylinders 
with 12-mil ( 0.30-mm) longo wrap thicknesses which are optimally-stiffened 
with glass-fiber longerons are presented in Figs. 3-15 and 3-16. These 
figures show predicted ultimate compressive loads and the optimum number of 
stiffeners, respectively, as a function of strut length and diameter. In 
Fig. 3-15, reference data are also shown for monocoque cylinders (these data 
were presented earlier in Fig. 3-4). It can be seen that, for compressive 
loads below approximately 3460 lbf (15,400 N), the monocoque designs are 
optimum. For loads above this value, the optimally-stiffened designs pro- 
vide significantly higher capabilities and are much more efficient. For 
example, for a 2. 5-in.-(6.35-cm-) diameter optimally- stiffened cylinder 
35 in. (88.9 cm) long, 23 stiffeners are required and the predicted load 
capability is 8080 lbf (35,9^0 N) compared to 5120 lbf (22,770 N) for a 
monocoque design of the same diameter and length. This is a 58 percent in- 
crease in load capability, but requires only a 31 percent increase in total 
cross-sectional area. 
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Fig. 3-15 Predicted Ultimate Compressive Loads for Optimally-Stiffened 

Fiberglass Cylinders with a 12 -mil (0.30-mm) Longo Wrap Thickness 
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Limit for Monocoque Designs 


Stiffeners are Glass-Fiber Longerons, 
0.080-in.-(0.203-cm-) Diameter Half-Round 
Cross-Section with 0,0025 in. 2 (0,0l6l cm 2 ) Area 


Strut Length (in.) 






In the analysis of cylindrical fiberglass struts stiffened with the flat 
boron- fiber longerons, two different design approaches were investigated 
in order to determine the most advantageous configurations for the load 
range of interest. Initially, values of the total column buckling allow- 
ables (i.e., for wall panels plus stiffeners) were computed as a function 
of the number of stiffeners (two stiffeners per wave) for 40-in. -(101.6-cm- 
long struts. The resulting values are superimposed on the plots of pre- 
dicted ultimate compressive loads for cylinders stiffened with glass-fiber 
longerons (Figs. B-10 through B-l4), and a summary plot is presented in 
Fig. 3-17. Inspection of these plots shows that optimum designs can pro- 
vide load capabilities significantly above the maximum value of interest as 
specified in Table 3-1 • For- example, the ultimate compressive load capa- 
bility for a 3«0-in.-(7.62-cm-) diameter cylinder, optimally stiffened with 
30 boron-fiber longerons, is 18,900 lbf (81,070 N) which is more than twice 
the specified maximum value. In addition to the high-load capability, it 
also becomes apparent that such a design is impractical since the width of 
30 stiffeners is greater than the circumference of the cylinder. Conse- 
quently, a more practical design, which provides load capabilities suitable 
for this study, is one where fewer than the optimum number of stiffeners is 
used. 

• 

For this latter design case, allowable column buckling and local crippling 
stress levels for a monocoque design must be used to determine the total 
compressive load capability of the wall panels alone. Additional load capa 
bility can then be added in proportion to the number of stiffeners, where 
the allowable axial strain in the stiffeners is matched to that in the 
panels. For monocoque cylinders with a 12-mil (0.30-mm) longo wrap thick- 
ness, the ultimate compressive load capability was shown in Fig. 3-7 to be 
3^60 lbf (15,390 N). From this figure, it can be seen that the strut dia- 
meters for which the column buckling and local crippling load capabilities 
are equal are 1.5, 1.9^, and 2.^0 in. (3-8l, 4.93, and 6.10 cm) for column 
lengths of 18, 29, and 40 in. (45.7, 73*7, and 101.6 cm), respectively. 

The total column allowables for wall panels plus stiffeners were determined 
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Fig. 3-17 Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long Fiberglass Cylinders Optimally Stiffened With Boron- 
Fiber Longerons 
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by adding the column load capabilities provided by the stiffeners to the 
3*+6 o lbf (15,390 N) capability of the panels. Results are presented in 
Fig. 3-18 for the 18-, 29-, and 4o-in.-(45.7-, 73.7-, and 101.6-cm-) long 
struts, respectively. 

3*1.6 Stiffened Fiberglass Ogives 

The final configuration that was investigated in the parametric analysis was 
stiffened fiberglass ogives. In this work, only flat boron-fiber tape long- 
erons were considered since these were previously shown to be the most effi- 
cient for cylindrical struts (Ref Section 3*1» 5) • 

It was found in the analysis that fiberglass ogives optimally-stiffened (i.e. , 
stiffeners spaced such that compressive load capabilities are equal for 
general instability and local crippling failure modes) with boron- fiber 
longerons provide significantly higher column allowables than are required 
for the load range specified in Table 3-1* This is consistent with the re- 
sults of the analysis for fiberglass cylinders optimally-stiffened with the 
boron- fiber longerons, as discussed earlier in Section 3«1»5* Consequently, 
only designs with fewer than the optimum number of stiffeners were analyzed 
using the same approach that was used previously for the cylinders. Also, 
only ogive struts with a longo wrap thickness of 12 mil (0.30 mm) at mid- 
span were analyzed. 

Based on the data presented in Fig. 3-12 for monocoque ogives of this longo 
wrap thickness, the midspan diameters for which general column buckling and 
local crippling capabilities are equal are 1.96 in. (4. 98 cm) and 2.46 in. 

(6.25 cm) for 29-in. -(73. 7-cm-) long and 4o-in. -(101.6-cm-) long struts, 
respectively.* Predicted ultimate compressive loads for these same respect- 
ive configurations are presented in Fig. 3-19 as a function of the number of 
equally- spaced stiffeners used. Note that the additional load capability 
afforded by the stiffeners is proportional to the number of stiffeners since 
the axial strain in the sti ffeners was assumed to equal that in the wall panels 

* The l8-in. -(45. 7-cm-) long ogive designs are not discussed since the 
corresponding diameter is 1.5 in. (3»8l cm) which defines a cylindrical 
configuration. 
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Ultimate Compressive Load (ibf 



With a 12-mil (0.30-ram) Longo Wrap Thickness Stiffened With 
Boron-Fiber Longerons 
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Fig. 3-19 Predicted Ultimate Compressive Loads for Fiberglass Ogives With 
a 12-mil (0. 30-ram) Longo Wrap Thickness at Midspan Stiffened 
With Boron-Fiber Longerons 
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3*1. 7 Heat Leak Comparison 

At the conclusion of the parametric structural analysis, a one-dimensional 
heat leak study was conducted for each of the 1 6 analysis cases defined in 
Table 3-2. In this study, values of conductive heat transfer through the 
strut body wall were computed and compared. Radiative and/or conductive 
heat transfer through the strut core insulation was neglected (temporarily), 
since it was shown in preliminary studies that the core heat leak is nomin- 
ally less than 10 percent of that conducted through the wall when properly 
insula ted . Consequently, selection of the core insulation does not signifi- 
cantly affect optimization of the strut body wall design. A detail analysis 
was conducted later in Task 1 to select the most suitable core insulation 
system for selected strut body designs (Ref Section 3*2.2). 


Assuming that all candidate strut designs would be perfectly insulated over 
the exterior surface, one-dimensional heat leak values were computed using 
the equation 




k eVW 


(3-5) 


In this equation, the thermal conductivity of the composite wall, k c , was 
evaluated for the mean temperature, T m , of the hot and cold end boundaries, 
Tg and T^, respectively. Heat leak values were computed for boundary temp- 
erature combinations of 520°R (289°K) to 37°R (20°K) and 400°R (222°K) to 
14 o°R (78°K) for each candidate design. The composite strut length, L , was 
considered to be the total strut length less 6 in. (15.2 cm). A section 
3 in. ( 7.6 cm) long at each end of each strut was assumed to provide negli- 
gible thermal resistance in order to account for the relatively high thermal 
conductivity of the metallic end fittings compared to that of the composite 
strut body wall.* 


* The thermal conductivity of 6 Al-^V titanium at a mean temperature of 278° R 
(15^.7°K) is 2.94 Btu/hr ft°R ( 5 .O 9 x i0 - 2 w/cm°K) (Ref 5, Fig. 3-2) com- 
pared to 0.227 Btu/hr ft°R (3.93 x 10“3 w/cm°K) for glass fiber-epoxy at 
the same temperature (Ref 2, Fig. 23). 
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Springer and Tsai (Ref 6) have shown that the thermal conductivities in the 
longitudinal direction of composite structures with unidirectional filaments 
which are oriented in the parallel (longo) and normal (circ) directions can 
he approximated closely by the relationships for parallel and series inter- 
dependence which are given, respectively, by 


k £ ' Vf * v r*r 

and 

k 

k = ... r 

cr (v f k r /k f ) + v r 

In each of these expressions v and v correspond to the fiber and resin 

i r 

volume fractions, respectively, while k f and k^ correspond to the thermal 
conductivities of the fiber and resin components, respectively. 


(longo) 

(3-6) 

(circ) 

(3-7) 


Combining these values of kg and k cr in parallel, the average conductivity 
of a filament -wound composite strut, in a direction parallel to the longi- 
tudinal axis, can then be determined using the relationship 


k 

c 


Tl * k cr A cr 
k l + A cr 


(3-8) 


Values of thermal conductivity for typical glass fiber materials, k = k , 

1 g 

epoxy resin, k^, and composite fiberglass struts, k , based on this analy- 
tical model, are presented in Fig. 3-20 as a function of mean temperature 

T . As shown, conductivity data for glass fibers from three sources were 
m 

averaged in this analysis. However, conductivity values actually used in the 

heat leak study were based on less precise glass and resin conductivity data 

(not shown) obtained at that time from Ref 5. The resulting composite values 

used are shown in the figure for a T of 278. 5°R (154.7°K), which corresponds 

ra 

to the 520° R (289° K) to 37°R (20°K) boundary temperature combination. Com- 
parison of the composite values used in the study with those derived from 
the glass and resin data presented in the figure shows maximum deviations 
of approximately ±6 percent for the all-circ {A^/A cr = 0) and the all-longo 
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(A^/A cr “ oo ) configurations, respectively. However, for the analysis cases 
defined in Table 3-2, the ratio A£/A^ varies from 1.0 to 2.0, and the maxi- 
mum deviation reduces to approximately -2.3 percent. The comparison of 
model values of thermal conductivity with those used in the study for the 
400°R (222°K) to l40°R (78°K) temperature combination (not shown in the 
figure) is similar. 

A comparison of composite fiberglass conductivity values, calculated using 
the model described above, with conductivity values obtained by test from 
three sources is presented in Fig. 3-21. Additional data from General 
Dynamics/Convair (Ref 11, Figs. 50 and 51, and Ref 12, Figs. 19 and 20), 
North American Rockwell (Ref 13, Fig. l), and Arthur D. Little (Ref 14, Page 
29) were excluded from this comparison, either because they represented test 
data obtained with the specimens exposed to 1 atmosphere of nitrogen or 
helium gas, or because their source and the environmental conditions were 
not clearly specified. Inspection of the later GD/C data (Ref 11, Figs. 

50 and 51), however, shows conclusively that thermal conductivity data ob- 
tained with the specimens exposed to 1 atmosphere of nitrogen or helium gas 
are up to 3 times greater than those obtained in a vacuum environment. It 
was concluded that gas-environment conductivity data were invalid for use 
in this study, and as a consequence only vacuum- environment data are shown 
in Fig. 3-21. 

Inspection of Fig. 3-21 shows generally good correlation between the analy- 
tical model and the Ref 2 test data. The model values, compared to the 
best fit of these test values, range from 1.7 percent low at 50°R (27.8°K) 
to 17.9 percent high at 300°R (l67°K), and finally to 5*5 percent high at 
500°R (278°K). Correlation of model values with test values from other 
sources is generally less satisfactory; however, the model values are nearly 
always greater (conservative). The poorest correlation is exhibited for a 
mean temperature of 355°R (197°K), where the model value is 300 percent 
greater than the Goodyear test value for a resin content of 18 percent and 
A£/ A cr •"' c0 • It should be noted that the GD/C and the Goodyear test data 
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were obtained from relatively few small-panel specimens, generally tested 
using a guarded hot plate method, whereas the Ref 2 data are much more 
extensive, and were obtained using a full-scale strut specimen and a calori- 
metric test apparatus constructed specifically for this purpose. 

In applying the analytical thermal conductivity model, given by Equations 
3-6, 3-7, and 3-8, to compute strut heat leaks using Equation 3-5> several 
differences were noted for the various candidate strut designs. For cylin- 
drical struts, values of the total composite cross-sectional area, 

= A £ + A cr , as well as values of the ratio of longo-to-circ composite 
area, A£/A cr , are constant over the entire composite length, L,. For ogive 
struts, however, the value of A cr decreases from a maximum at midspan to a 
minimum at the ends by the ratio of the end diameter to the midspan diameter. 
The longo composite area remains constant over the length, since this de- 
pends solely on the number of longo rovings. Because the ratio of longo-to- 
circ composite area, A^/A , varies over the length of an ogive strut, the 
conductivity value also varies over the length, even neglecting the varia- 
tion due to changing temperature from T to T„. In addition, the total com- 
posite area, A^, varies over the length, and the true heat leak through the 
ogive strut is proportional to the product of k £ A c integrated over the com- 
posite length. In the analysis, it was found that heat leak values based 
on average values of k Q and A fi , for section properties at midspan and at 
the ends, were within approximately 1.6 percent of those obtained by inte- 
gration of the k A product. Consequently, the average value method was 

c c 

used in the heat leak study. 

In the analysis of fiberglass struts with boron fiber longos (analysis case 
number 7) or longeron stiffeners (analysis case numbers H through 16 ), ex- 
perimental values of thermal conductivity for the boron fiber-epoxy com- 
posite from two different sources were compared with a single calculated 
value. These data are presented as a function of mean temperature for an 
all-longo fiber orientation {kj^/k^ - oc) in Fig. 3-22. The calculated 
value is based on the parallel interdependence model (Equation 3-6) ex- , 
tended to include the effects of the tungsten core. The resulting 
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expression is 


H = W + Vt + v r k r (3_9) 

In evaluating this equation, values of 0.492, 0.008, and 0.50 were used for 
v^, v^_, and v^, respectively. These values correspond to a resin content 
of 32.7 percent by weight (the same as for the experimental data), and dia- 
meters of 4 mil (0.10 mm) and 0.5 mil (0.013 mm) for the boron, fibers and 
the tungsten wire cores, respectively). Component thermal conductivity 
values of 1.845 Btu/hr ft°R* (3.193 x 10" 2 w/cm°K) (Ref 17, pages 94-104), 

97.6 Btu/hr ft°R (I.69 w/cm°K) (Ref 9, page 3-l6l), and O.133 Btu/hr ft°R 
(2.302 x 10 ^ w/cm°K) (Ref Fig. 3-20) were used for boron, tungsten, and 
epoxy resin, respectively. The resulting calculated value is 1.74 Btu/hr ft°R 
(3.01 x 10 2 w/cm°K) for a mean temperature of 549*2°R (305.1°K or 31*8°C , 
the measured boron conductivity specimen temperature). Although conductivity 
values as a function of temperature are available from these references for 
the tungsten and epoxy resin components, no applicable data could be found 
for the conductivity of boron at other temperatures. 

In conducting the heat leak analysis, the Ref 15 (Martin) experimental con- 
ductivity data were used. As shown in Fig. 3-22, these data show reasonable 
agreement (± 30 percent) with the calculated value and the Nadler (m/sd) 
experimental data, and they also span the entire temperature range of inter- 
est. 

Incremental heat leaks for the basic fiberglass strut bodies, boron-fiber 
longo wraps, and glass-fiber or boron-fiber longeron stiffeners were cal- 
culated independently and then summed to obtain total predicted heat leak 
values for each analysis case. Results of the detailed calculations are 

* Ref 17 gives k = 1.863 Btu/hr ft°R (3.225 x 10‘ 2 w/cm°K) for a 73.2-mil- 
(1.86 -mm-) diameter boron rod with a 0.984-mil-(0.025-mm-) diameter tung- 
sten core; the value given above was calculated using the parallel con- 
ductivity model. 
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Fig. 3-22 Comparison of Calculated and Test Values of Thermal 
Conductivity for Boron Fiber-Epoxy Composites 
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summarized in Appendix C. Figs. 3-23 and 3-24 show the calculated heat , 
leaks plotted as a function of strut length and outside diameter for one 
typical analysis case, monocoque fiberglass cylinders, for boundary temp- 
eratures of 520°R (289°K) to 37° R (20°K) and 400°R (222°K) to l40°R (78°K), 
respectively. 

3.1.8 System Weight Comparison 

The broad parametric structural and thermal analysis conducted in Task l was 
culminated in a system weight tradeoff study. In this study, the sum of 
component weights for the basic strut body including stiffeners, the end 
fittings, core insulation, external insulation, and propellant boiloff were 
computed and compared as a function of mission duration (storage time) for 
nine selected design points within the specified load- length envelope (Ref 
Table 3-1) • System weights for fifteen of the sixteen basic analysis cases 
(Ref Table 3-2) were evaluated and compared for each of the nine design 
points to which they were applicable and for which the system weights 
appeared to be competitive. Weights were not computed for analysis case 
No. 11, since this design configuration had already been eliminated in the 
structural analysis (Ref Section 3«1*5)» Liquid hydrogen boiloff weights 
were computed for the 520°R (289°K) to 37°R (20°K) boundary temperature 
combination, and boiloff weights assuming liquid fluorine as the stored 
propellant were computed for the 400°R (222°K) to l40°R (78 °k) boundary 
temperature case. 

In the calculation of strut body weights, the density values used for glass 
fiber-epoxy and boron fiber-epoxy, respectively, were 0.0736 lbra/in. 

(2.04 gm/cm^) and O .0669 lbm/in.^ ( 1.85 gm/crn^). These values were based 
on a glass fiber density of 0.0897 lbm/in.^ (2.48 gm/cm^) (Ref 1, Fig. 6 - 83 ) 
a boron fiber density of 0.0849 lbm/in.^ (2.35 gm/cm^) (Ref 17), and an 
epoxy resin density of 0.0437 lbm/in.^ (1.21 gm/cm^) (Ref 1, Fig. 6 - 83 ). 

The glass fiber-epoxy composite density was evaluated for a resin content 

* i.e., total inert plus boiloff weight per strut 

3-48 


LOCKHEED MISSILES & SPACE COMPANY 



Heat Leek, o . (w x 10 ) 














Heat Leak, Q _ (Btu/hr x 1CT) 



Strut Length, L 0 (in.) 


Fig. 3-24 Predicted Heat Leaks for Monocoque Fiberglass Cylinders 
with a 12-mil (0.30-mm) Longo Wrap Thickness and Bound- 
ary Temperatures of 400°R (222°K) to l40°R (78°K) 
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of 35 percent by volume, whereas that used for the boron fiber-epoxy com- 
posite corresponds to a resin content of 50 percent by volume. 

The length of the composite strut body, and that of any longeron stiffeners 

required, was assumed to be the total strut length, L , less 3 in. (7.6 cm) 

s 

for all candidate designs. This provides an allowance for the longo mater- 
ial wrapped around the end fittings as well as circ fillet material, but 
does not reflect the increased length of rod-end fittings required for high- 
load designs. This simplifying assumption was made to expedite the analysis 
considering the relatively large number of cases to be evaluated. The re- 
sulting error in absolute weight is small, and the difference in relative 
system weights for competing designs at any given length and load is negli- 
gible. 

A preliminary analysis of the strut end fittings was performed to determine 
approximate weights for representative rod-ends, internal fittings, com- 
pression caps, and the corresponding attachment hardware. This analysis 
showed that the end fitting weights are essentially independent of strut 
length, somewhat dependent on strut end diameter, and very strongly depend- 
ent on design loads. Unlike the basic strut body, the end fittings are 
critical for design ultimate tension loads, since these are significantly 
greater than the corresponding compression loads (Ref Table 3-1) • A 
summary of the component fitting weights which resulted from the preliminary 
analysis is presented in Table 3-3 as a function of design ultimate loading. 

For any given load-length design point, the variation in the required strut 
diameter for various competing design configurations (analysis cases) is 
typically less than ± 10 percent of the mean diameter required. Consequently, 
this same variation applies generally to the required end fitting diameters, 
since these correspond to the required strut diameters for all designs other 
than ogives. Since the end fitting weights are dependent primarily on ulti- 
mate design loads anyway, the effect of diameter on these fitting weights 
was neglected in the system weight comparison. This, in effect, penalizes 
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Table 3-3 

PRELIMINARY ESTIMATES OF END-FITTING WEIGHTS 


Design Ult Compression 
Load, lbf (N) 

980 (^360) 

4690 (20,860) 

8400 (37,360) 

Design Ult Tension Load, 
lbf (N) 

2450 (10,900) 

11,725 (52,150) 

21,000 (93,400) 

Selected Rod-End Fittings: 
(Ref 18, pages 49 and 50 ) 
Warm End 
Cold End 

DREMHD-4 
SWRM- 4-100 

DREMHD-7 

SWRM-4-100 

DREMHD-10 

SWRM-4-100 

Estimated Weights, 
lbm (kg) : 

Rod-End Fittings (l) 
Internal Fittings (2) 
End Caps (2) 

Attachment Hardware(3) 

0.18 (0.082) 
0.40 (0.181) 
0.20 (0.091) 
0.l4 (0.063) 

0.35 (0.159) 
0.65 (0.295) 
0.25 (0.113) 
0.25 (0.113) 

0.61 (0.276) 
1.00 (0.454) 
0.35 (0.159) 
0.38 (0.172) 

Total (Each Strut) 

0.92 (0.417) 

1.50 (0.680) 

2.34 (l.06l) 


(1) Actual weights supplied by Southwest Products Company , Inc., Monrovia, 
California. 

(2) Estimates for titanium parts based on preliminary design. 

(3) Estimates for CRE3 lock nuts and washers. 


the ogive designs for long, heavily- loaded struts since the end fittings for 
these cases could in fact be significantly smaller in diameter. However, the 
error in total comparative system weights is relatively small, even for ogive 
designs, and is negligible for all other configurations. The error in ab- 
solute fitting weights, for the range of strut lengths and design loads in- 
vestigated, may be significant. 

For the system weight comparison, the core insulation was assumed to be iden- 
tical for all designs. Weight values were computed by multiplying the strut 
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core volume by a constant density of 2.0 lbm/ft^ (32.0 kg/m^).* Optimization 
of the core insulation system for selected designs is discussed in Section 

3.2.2. 

In calculating external insulation weights, it was assumed that each strut 
design would be insulated over its full length with approximately a 0.5-in.- 
(l.27-cm-) thickness of crinkled, single-aluminized Mylar at a layer density 
of approximately 55 layers/in. (21.7 layers/cm). The bulk density for such 
an insulation is 1.2 lbm/ft^ (19.2 kg/m^) (Ref 19, Pig. 5-3)* 

Boiloff weights were added directly to the strut inert weights to compute the 
total weight values per strut. For liquid hydrogen, a heat of vaporization of 
187 Btu/lbm (^35 joules/gm) was used, assuming venting of saturated vapor at 
25 psia (l.72xlCr w/m ) (Ref 20, Unit 6, Fig. 8). The corresponding value 
for liquid fluorine, vented at the same pressure, is 69. 1 Btu/lhm (l6l joules/ 
gm) (Ref 20, Unit 14, Fig. 7). 

Other details and summaries of the system weights calculated during the study 
are presented in Appendix D. Plots of the resulting total system weights are 
presented in Figs. 3-25 through 3-30 for three selected points within the 
load-length design envelope. In these figures, weight values are shown as a 
function of mission duration and boundary temperatures. 

It can be seen by inspection of the data presented in these figures, and in 
Appendix D for other load-length design points, that inert weights per strut 
for any given design point do not vary significantly for the configurations 
studied. For example, weights for l8-in.-(^5»7-cm-) long struts with a de- 
sign ultimate compressive load of 980 lbf (^360 N) vary less than 0.1 lbm 
(O.OU 5 kg). For k0-in.-(l01.6-cm-) long struts with a design ultimate 

* A core insulation density of approximately k to 6 lbm/ft^ (6k. 1 to 96 . 1 
kg/m3) was selected during final design; however, since the core insula- 
tion weight is typically 6 to 8 percent of the inert weight and 3 to 5 
percent of the total system weights, this had no significant effect on 
the selection of optimum designs. 
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Fig. 3-25 Comparative Total System Weights for Short, Lightly- 
Loaded Struts with 520°R (289°K) to 37°R (20°K) 
Boundary Temperatures 
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Fig. 3-27 Comparative Total System Weights for Medium-Length, 
Medium-Load Struts with 520°R (289°K) to 37°H (20°K) 
Boundary Temperatures 
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Fig. 3-28 Comparative Total System Weights for Medium-Length, 

Medium-Load Struts with 400°R (222°K) to l40°R (t 8°K) 
Boundary Temperatures 
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Total System Weight per Strut 


Total System weight per Strut, W (lbm) 



Fig. 3-29 Comparative Total System Weights for Long, Highly-Loaded 
Struts with 520°R (289°K) to 37°B (20°K) Boundary Temp- 
eratures 
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Total System Weight per Strut, W t * (kg) 



Mission Duration (Days) 

Fig. 3-30 Comparative Total System Weights for Long, Highly-Loaded 
Struts with 4 oo°R (222°K) to lkO°R (78°K) Boundary Temp- 
eratures 
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Total System Weight per Strut, W. (kg) 




compressive load of 8400 lbf (37>360 N), the inert weights vary by a maximum 
of approximately 0.35 lbm (0.l6 kg) for the seven applicable design configur- 
ations studied. 

Variations in total strut system weights including boiloff for particular de- 
sign points were found to be significantly greater in terms of the percent of 
total system weight. Maximum variations were found for the 400°R (222°K) to 
l4o°R (78°K) boundary temperature case where liquid fluorine was assumed to 
be the stored cryogen. Significant but smaller variations were determined 
for the other boundary temperature case with liquid hydrogen as the cryogen. 

In the case of an l8-in.-(45.7-cm-) long strut support for a liquid fluorine 
tank, designed for an ultimate compressive load of 9&0 lbf (4360 N), the 
maximum variation in comparative system weight for 350 days of storage time 
was found to be approximately 6.3 lbm (2.8 kg). However, a major part of 
this variation results from the over-design of particular candidates due to 
the 1.5-in. (3.8l-cm) minimum diameter and 24-mil (0.6l-mm) minimum wall 
thickness requirements imposed in the study. For a 40-in.-(l01.6-cm-) long 
strut, with the same application and storage time, designed for an ultimate 
compressive load of 8400 lbf (37,360 N), the maximum variation in total system 
weight was only approximately 1.4 lbm (0.64 kg). 


3.1.9 Selection of Candidates for Detailed Analysis 

Based on results of the parametric structural and thermal analysis conducted 
in Task 1, six optimum strut configurations were selected for detailed de- 
sign and analysis studies. Characteristics of these six candidates are 
summarized in Table 3-^* 
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Table 3-4 

CHARACTERISTICS OP STRUTS SELECTED FOR DETAILED STUDIES 


Configur- 

ation 

Ho. 

Configuration 

Description 

Longo Wrap 
Thickness 

mil (mm) 

Strut 
Length. L 

8 

in. (cm) 

Outside 

Diameter , D 

' co 

In. (cm) 

Ho. of 
Stiffeners , 

H 

Predicted Ult 
Comp Load, P c 

lbf (n) 

1 

Monocoque Cylinder 

12 (0.30) 

24.0 ( 61 . 0 ) 

1.71 (4.34) 

0 

3460 (15,390) 

2 

Monocoque Cylinder 

18 (0.46) 

19.0 (48.3) 

1.54 (3.91) 

0 

5730 (25,490) 

3 

Stiffened Cylinder 

12 ( 0 . 30 ) 

24.8 ( 63 . 0 ) 

1.75 (4.45) 

16 

5100 ( 22 , 680 ) 

4 

Stiffened Cylinder 

12 ( 0 . 30 ) 

36.0 ( 91 . 4 ) 

2.25 (5.72) 

18 

4830 (21,480) 

5 

Monocoque Ogive 

24 (0.6l) 

26.0 ( 66 . 0 ) 

1.96 (4.98) 

0 

8400 (37,360) 

6 

Monocoque Ogive 

24 ( 0 . 61 ) 

36.0 (91.4) 

2.46 ( 6 . 25 ) 

0 

8400 (37,360) 


The configurations selected incorporate three of the five basic types of 
wall construction which were investigated in the parametric analysis (Ref 
Table 3-2). Configurations with the other two types of construction (i.e., 
those with either boron fiber longos or longerons) were eliminated because 
the modest inert weight savings offered for some length-load design points 
by these designs were considered insufficient to justify the additional com- 
plexity and cost required to fabricate them. In addition, the relatively 
high heat leaks attributed to the boron fiber designs in general resulted in 
total comparative system weights greater than those for the more conventional 
fiberglass construction for long-duration missions (e.g. > 30 days). 

As shown in Table 3-4, the wall thickness, length, diameter, and compressive 
load capabilities of the six selected strut configurations are representative 
of the total ranges investigated (Ref Tables 3-1 ar *d 3-2). 
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3.2 


DESIGN AND ANALYSIS OF SELECTED CANDIDATES 


After selection of six optimum strut configurations (Ref Section 3*1.9) , 
preliminary design drawings of each were developed. These designs are 
shown in Figs. 3-31 , 3-32 , and 3-33 , respectively, for the monocoque cylin- 
der, stiffened cylinder, and monocoque ogive configurations. Detailed analy- 
sis of the end fittings, rod-ends, and core insulation was then conducted 
using these typical designs as a basis. 

3.2.1 End Fittings and Rod Ends 

As specified in the contract, the longo wraps for all design candidate struts 
are to be wound continuously over the end fittings in order to provide an 
integral structure (Ref Section 3 .1.1). With this concept, tension loads are 
transferred directly from the metal end fittings to the composite strut body 
through bearing of the fitting on to the closed-end composite structure. Com- 
pression loads also can be transferred in bearing by the addition of metal 
compression caps over the longo wraps at each end. Consequently, primary 
loads in either direction can be transferred through the metal- to-glass 
joints without reliance on lap-shear through the resin bond between the metal 
and fiberglass parts. 

Although preservation of the resin bond is not essential for primary load 
transfer, close matching of the thermal coefficient of expansion of the metal 
end fitting to that of the fiberglass is still an important design require- 
ment. If the internal end fitting shrinks significantly more than the fiber- 
glass during chilldown of the cold end, the resulting gap at the bond line 
will permit some slippage and working of the fiberglass material when cyclic 
loads are applied. If this occurs, local failures in inter-fiber shear and 
bending at points of high stress concentration will result in low fatigue 
life. 

Other properties which are important in the- selection of the end fitting 
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Fig* 3-31 Preliminary Design of Monocoque Cylinders 
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Fig. 3-32 Preliminary Design of Stiffened Cylinders 
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Fig* 3-33 Preliminary Design of Monocoque Ogives 
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material, in addition to the thermal coefficient of expansion, are density 
and thermal conductivity. A low density is desirable to minimize end fitting 
weights, while low thermal conductivity is desirable to minimize heat leaks. 

Values of relative thermal expansion, density, and thermal conductivity of 

three candidate end-fitting and compression cap materials are compared to 

those of fiberglass in Table 3-5* The thermal expansion values shown were 

evaluated for chilldown from room temperature to LH^ temperature and are, 

therefore, negative. Density values at room temperature are shown, and the 

thermal conductivity values presented correspond to the mean temperature for 

boundary temperature case 1, T = 520°R (289°K) and 1 . = 37°R (20°K). 

HI CJL 


Table 3-5 

COMPARISON OF PHYSICAL-THERMAL PROPERTIES OF CANDIDATE 
END-FITTING MATERIALS WITH THOSE OF FIBERGLASS 


Material 

Aluminum 
(2000 Series) 

CRES 

(301) 

Titanium 

(6 Al4v) 

Fiberglass 

'S-Glass-Epoxy) 

Expansion from 
535°R (297°K) to 
37° R (20°K), 
Percent 

-0.4l8(Ref 5, 
Fig. 2-1) 

-0.290(Ref 5, 
Fig. 2-1) 

-0.l67(Ref 5, 
Fig. 2-1) 

-0.138* (Ref 5, 
(Fig. 3-1) 

Density at 535° R 
(297°K), lbm/in. 3 

(gm/ cm3) 

0 . 102 ( 2 . 82 ) 
(Ref 5, 
Table 2-1) 

0.286(7.92) 
(Ref 5, 
Table 2-1) 

0.l6l(4. 46) 
(Ref 5, 
Table 2-1) 

0.0736(2.04) 
(Ref Section 
3.1.8) 

Conductivity at 
278. 5° R (154.7°K), 
Btu/hr ft°R 
(w/cm°K) 

49(0.85) 
(Ref 5, 
Fig. 2-2) 

6.7(0.12) 
(Ref 5, 
Fig. 2-3) 

2.94(0.0509) 
(Ref 5, 

Fig. 2-3) 

1.227(0.00393) 
(Ref 2, 

Fig. 23) 


* Parallel to the glass fiber reinforcement 


Titanium was selected as the most suitable material for the internal end 
fittings and compression caps primarily^ because its thermal coefficient of 
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expansion most nearly approaches that of the fiberglass. In chilling from 
535°H (297°K) to 37°R (20°K), the titanium will contract approximately 20 
percent more than fiberglass, whereas stainless steel will contract approxi- 
mately 100 percent more and aluminum approximately 200 percent more. In 
addition, the thermal conductivity of titanium is the lowest of the metals 
evaluated, but still exceeds that of fiberglass by a factor of approximately 
13* The conductivities of stainless steel and aluminum are greater than that 
of fiberglass by factors of approximately 30 and 216, respectively. Of the 
three metals investigated, all are more dense than fiberglass by factors of 
approximately 1.4 for aluminum, approximately 2.2 for titanium, and approxi- 
mately 3-9 for stainless steel. Although aluminum fittings would be some- 
what lighter than those fabricated from titanium, this material was eliminated 
from consideration on the basis of its poor thermal properties. 

An initial layout drawing, showing overall dimensions and a preliminary de- 
sign of the internal fittings and rod-ends for each of the six selected 
strut candidates, is presented in Fig. 3-34. As shown, externally- threaded 
Monoball* rod-ends of the SWRM series were selected for use on the cold end, 
while those of the DREM series** were selected for the warm end. The SWRM 
series fittings are recommended by the manufacturer for use with high-impact 
loads at cryogenic temperatures, whereas those of the DREM series are recom- 
mended for application at near room temperature and feature a very low- 
friction design. 

Both the rod-ends and the mating internal titanium fittings were sized for 
the design ultimate strut loads in tension (Ref Thble 3-1) multiplied by a 
fitting factor of 2.0. A summary of the strut loads and the resulting 
fitting design loads is presented in Table 3-6. The ultimate static load 
ratings for several sizes of rod ends in each of these series are presented 


* Southwest Products Company, Monrovia, California 

** Fittings with opposite-hand threads were selected to provide length- 
adjustment capability. 7 
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Table 3-6 

SUMMARY OF STRUT AND FITTING DESIGN ULTIMATE LOADS 


Strut 

Configuration 

No. 


Ultimate 

Strut Loads 

Ultimate 
Fitting Loads, 
Tension 
lbf (N) 

Compression 
lbf (N) 

Tension 
lbf (N) 

1 

3460 

(15,390) 

8,650 

( 38 , 480 ) 

' 17,300 

(76,950) 

2 

5730 

(25,490) 

14,330 

( 63 , 740 ) 

28,660 

(127,500) 

3 

5100 

( 22 , 680 ) 

12,750 

( 56 , 710 .) 

25,500 

(113,400) 

4 

4830 

(21,480) 

12,080 

( 53 , 730 ) 

24,160 

(107,500) 

5 

8400 

' (37,360) 

21,000 

(93,410) 

42,000 

( 186 , 800 ) 

6 

84oo 

(37,360) 

21,000 

(93,4io) 

42,000 

( 186 , 800 ) 


in Table 3-7 (Ref l8) . The double-shear ultimate load ratings of the corres- 
ponding attachment bolts are also shown. Inspection of the data given in 
Tables 3-6 and 3-7 shows that the SWRM-6-100 and the DREM-7-080 rod-ends 
would satisfy the design requirements for strut configuration 1. Similarly, 
the SWRM-7-100 and DREM-8-080 fittings are suitable for use with configura- 
tions 2, 3, and 4 , although the 0.4375-in. -(l.lll-cm-) diameter bolt for the 
cold end fitting is marginal in shear capability for configuration 2. Fin- 
ally, the SWRM-10-100 and DREM-10-080 fittings were selected for strut con- 
figurations 5 and 6. For these latter two configurations, the warm-end rod- 
end load rating is also marginal. In the design study, the SWRM-7-100 and 
DREM-8-080 rod-end fittings were selected for strut configuration 1, as well 
as for configurations 2, 3, and 4, to minimize the number of different test 
machine clevis fittings required. 

During the design and stress analysis of the internal end fittings and rod- 
ends shown in Fig. 3-34, two potential problem areas were encountered. First, 
an evaluation of the fabricability of each design showed that the ratio of 
strut end diameter to threaded section diameter was marginal for configurations 
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Table 3-7 


ULTIMATE STATIC LOAD CAPABILITY FOB SWRM- AND DREM- SERIES ROD-ENDS 


Part No. 

Ultimate Static 
Load Rating 
lbf (n) 

Attach Bolt Dia 
in. (cm) 

Ultimate Double- 
Shear Rating 
lbf (N) 

SWRM-4-100 
SWRM- 5 -100 
SWRM-6-100 
SWRM- 7- 100 
SWRM-8-100 
SWRM- 10-100 

17.200 (76,510) 
22,700 ( 101 , 000 ) 

30.000 (l 33 , 40 o) 

35.200 ( 156 , 600 ) 

53.000 (235,700) 

64,500 ( 286 , 900 ) 

0.250 (0.635) 
0.3125 (0.794) 
0.375 (0.953) 
0.4375 ( 1 . 111 ) 

0.500 (l. 270 ) 
0.625 (1.588) 

8,600 ( 38 , 250 ) 
13,500 ( 60 , 050 ) 
20,400 (90,740) 

27,800 (l23,700) 

34,600 ( 153 , 900 ) 

54,000 (240,200) 

DRJM- 4-080 

DREM-5-080 

DREM- 6 -O 8 O 

DREM-7-080 

DREM- 8 -O 8 O 

DREM-IO-O 80 

6,100 ( 27 , 130 ) 
12,900 ( 57 , 380 ) 

15.200 ( 67 , 610 ) 

19.200 ( 85 , 400 ) 
29,000 ( 129 , 000 ) 

41.200 (l 83 , 300 ) 

0.250 (O. 635 ) 
0.3125 (0.794) 
0.375 (0.953) 
0.4375 (l.lll) 
0.500 (I. 270 ) 
0.625 (l. 588 ) 

8,600 ( 38 , 250 ) 
13,500 ( 60 , 050 ) 
20,400 (90,740) 

27,800 (l 23 , 700 ) 

34,600 (153,900) 

54,000 (240, 200) 


1 and 3 , and was very likely below the minimum practical limit for satisfactory 
placement and stability of the polar-wound longo rovings for configuration 5 . 
Although the actual minimum limit for this ratio has not been determined experi- 
mentally, it was found during fabrication of prototype strut hardware for 
Contract NAS 3-7979 that the tendency for yarn slippage increases significantly 
as this ratio is reduced. This characteristic prompted the selection of a 
1.5-in. (3.8l-cm) minimum diameter for the struts of this study (Ref Section 
3.1.1). 


The other potential problem area encountered in the design study was that of 
establishing an adequate design criteria and determining suitable allowables 
for the internally-threaded titanium end fittings. No data could be found 
in the literature regarding the notch fatigue strength of either titanium 
or stainless steel bar stock at cryogenic temperatures. Available data on 
annealed sheet stock from Ref 21 show generally high notch fatigue strengths 
for Ti-6Al-4v-ELI, Ti-5Al-2.5 Sn-ELI, and AISI-301 stainless steel. In 
addition, MIL-HDEK-5B (Ref 22) indicates generally good toughness character- 
istics down to LH^ temperature for both of these titanium alloys in the ELI 
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grade. Since the struts designed and fabricated in this program were to be 
subjected to cyclic loads at full design limit stress values, the fatigue 
life capability of the end fittings was an important consideration. 

As a possible solution to both of these problems, strut designs with exter- 
nally-threaded internal end fittings (and mating internally-threaded rod- 
ends) were evaluated. A layout drawing of the six selected strut configura- 
tions with fittings of this type is presented in Fig. 3-35* These designs 
provide somewhat higher strut end diameter to threaded section diameter 
ratios, with improved longo winding characteristics.' In addition, rolled 
threads can now be used to enhance the fatigue life capability of the inter- 
nal titanium end fittings. Lacking specific design allowable data, a con- 
servative working stress level of 50,000 psi in net section tension was 
assumed for application of the ultimate design fitting loads (Ref Table 3-6). 

Data obtained from the rod-end manufacturer* indicated that the internally- 
threaded stainless steel rod ends could provide adequate cycle life capa- 
bility for selected series fittings. 

Initially, for the designs shown in Fig. 3-35, SWRF series fittings were 
selected for the cold end with DREF series fittings (not shown) for the 
warm end. However, the data obtained showed extremely poor fatigue life capa- 
bility at high load levels for the SWRF series, and indicated that the Eyfloi^ 
bearing material used to obtain low friction for the DREM and DREF series 
fittings was also not suitable for high-level cyclic load applications. 

Based on the manufacturer's recommendations, the 2BREF series fittings shown 
in Fig. 3-35 were finally selected for use on both the cold and warm ends of 
the strut. These fittings are of all stainless-steel construction, employ a 
molybdenum film lubricant on both ball and race, and offer excellent fatigue 
life capability for cyclic load applications. A summary of the data obtained 
on static and cyclic load capabilities of the SWRF and 2BREF series rod-ends is 
presented in Table 3-8 for comparison. It can be seen from inspection of these data 

* Southwest Products Company, Monrovia, California 
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Strut Pitting Designs with Internally-Threaded Rod-Ends 



Table 3-8 

SUMMARY OF STATIC AND CYCLIC LOAD CAPABILITY FOR SWRF AND 2BREF SERIES ROD-ENDS 


dtrut 

Config- 

uration 

No. 

Rod-End 
Part No. 

static Load 
Capability 

lbf (N) 


No. of 
Cycles to 
Failure 

1 

SWRF-7-100 

35,200 (156,600) 

6,175 (1) 

(27,470) 

80,000 

2 

SWRF-8-100 

53,000 (235,700) 

10,240^^(45,550) 

57,000(2) 

3 

SWRF-7-100 

35,200 (156,600) 

9,110^ 

(40,520) 

12,800^) 

4 

SWRF-7-100 

35,200 (156,600) 

8,630^ 

(38,390) 

14,300^ 

5 

SWRF- 10-100 

64,500 (286,900) 

15,000^ 

(66,720) 

24,000^ 

6 

SWRF- 10-100 

64,500 (286,900) 

15,000^ 

(66,720) 

24,000^ 

1 

2BREF-8-100 

22,400 (99,640) 

14,500 

(64,500) 

25,000 




7,200 

(32,030) 

100,000 




6,100 

(27,130) 

200,000 




5,600 

(24,910) 

400,000 




4,950 

(22,020) 

800,000 


2BREF- 10-100 

26,000 (115,600) 

17,000 

(75,620) 

25,000 




8,600 

(38,250) 

100,000 




7,300 

(32,470) 

200,000 




6,750 

(30,020) 

400,000 




5,950 

(26,470) 

800,000 

2, 3 and 4 

2BREF- 12-100 

33,300 (148,100) 

12,000 

(53,380) 

100,000 




10,200 

(45,370) 

200,000 




9,450 

(42,030) 

400,000 




8,300 

(36,920) 

800,000 

5 fc 6 

2BREF-14-100 

49,200 (218,800) 

16,800 

(74,730) 

100,000 




14,200 

(63,160) 

200,000 




13,100 

(58,270) 

400,000 




11,600 

(51,600) 

800,000 


Notes: (l) Values shown correspond to design limit strut loads in tension. 

(2) Approximate values based on interpolation of Manufacturer’s data. 
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that the 2BREF series of fittings offers significantly greater cycle life 
capability than does the SWRF series, ranging from approximately 165,000 
cycles at the design limit tension load for strut configurations 5 and 6 
to approximately 650,000 cycles at the design limit tension load for con- 
figuration 4. 

During the study, an additional internal end fitting concept was also eval- 
uated which relies on lap-shear through the resin bond to achieve load trans- 
fer from the metal end fitting to the fiberglass strut body. With this de- 
sign, the external compression caps are not required. Although slightly 
lighter for some strut configurations, this concept was eliminated primarily 
because of the poor fatigue life capability of the bonded joint. An inter- 
nal conical doubler was employed to reduce the shear stress level, but high 
stress concentrations result none-the-less where the titanium fitting term- 
inates due to the great difference in relative stiffness of the titanium 
and fiberglass components. 

Based on the tradeoff studies described above, titanium end fittings with 
rolled external threads were selected for all strut configurations. Inter- 
nally-threaded rod-end fittings of the 2BREF series were also selected for 
use on both the cold and warm ends of each configuration. 

3.2.2 Core Insulation Analysis 

A hollow support strut provides a path for radiation tunneling. This can 
have a profound effect on the temperature distribution in the strut wall 
and on the net heat transfer into the propellant tank. Parametric data 
has been developed by Brogan (Ref 23) which accounts for the complex inter- 
actions between the parallel radiation and conduction paths in a cryogenic 
tank penetration. Applying this data to strut configuration 1 (Ref Table 3-4) 
indicates that the net effect of the radiation tunnel is to increase the 
heat leak through the support by a factor of 8 over that due to conduction 
in the fiberglass wall. Theref ore ,- it is necessary to find an effective 
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method to eliminate the radiation tunnel 


An analysis was conducted to compare the performance of three candidate core 
insulation concepts. These are (l) closed-cell polyurethane foam (which also 
would provide some additional crippling capability by supporting the strut 
wall), (2) chopped Dexiglas, and (3) spaced metallized Mylar radiation 
shields. System geometry, heat rates, and system inert weights were computed 
for each of these candidates using strut configuration 1 for the comparison. 
It was assumed that the strut would be used to support a LH^ tank in space 
for a mission duration of 220 days (5280 hours). Boundary temperatures were 
assumed to be 520°R (289 °k) and 37°R (20°K) at the warm and cold ends of 
the strut, respectively. 


For the polyurethane foam and chopped Dexiglas candidates, heat transfer 
rates for the composite system were computed as the sum of the conduction 
components through the glass fiber shell and through the core material 
assuming negligible interaction effects. For evaluating the metallized 
Mylar radiation shield candidate, it was assumed that the shield spacing 
would be sufficiently close that the view factor between successive shields 
would be unity and the radiation would be decoupled from the strut wall. 

The general equation for net radiation heat transfer through n successive 
shields is given by 


S 


f OS f 8S g V T H- I C : > 
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The ratio of radiant heat transfer to that conducted down the wall can be 
written as 


V^H 4 - ’c'X 

[n-l)(2/ f -1)A„ k (T - T, 


(3-12) 


c c' H 


The approach used herein was to select acceptable values for Qjj/Qq and solve 
for the required number of shields . It is convenient to rearrange Equation 
(3-12) as follows : 


(VVcXV t c>< t h 2+ t c 2 > 

(2/t t -D(V%) 


(3-13) 


For strut configuration 1, the quantity (A^/k^ ) is approximately 80 hr ft°R/ 
Btu (4620 cm°K/w). Using this constant, the shield spacing density was com- 
puted for values of Qjj/Qq = 0*10 and 0.02, and shield emmissivities, f g , of 
0.10 and 1.0. The results are presented in Table 3-9* For the higher heat 
rate ratio and the lower emmissivity, the spacings are sufficiently high 


Table 3-9 

REQUIRED RADIATION SHIELD SPACING DENSITY, n/L_, shields/ln. (shields/cm 


t h 

T 

c 



= c 

i.l 



= 0.02 

°R (°K) 

°R 

(°K) 

e 

s 

= 0.1 

f s 

= 1.0 

f s 

= 0.1 

e s = 

1.0 

520 (289) 

37 

(20) 

1.0 

(0.4) 

17 

(6.7) 

4.5 

(1.8) 

85 

(33) 


l4o 

(78) 

1.2 

(0.5) 

22 

(8.7) 

6.0 

(2.4) 

110 

(^3) 

400 (222) 

37 

(20) 

0.5 

(0.2) 

8 

(3.1) 

2.0 

(0.8) 

4o 

( 16 ) 


l4o 

(78) 

0.7 

(0.3) 

11 

(M) 

3.0 

(1.2) 

55 

(22) 


that- the view factor is less than unity. Although the direct radiation is 
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less than that calculated, the reduction is partially offset by increased 
radiation to the strut wall. The significant conclusion from this simplified 
radiation model is that it takes relatively few shields to effectively re- 
duce the radiation tunneling. 

The comparative evaluation of the three core insulation concepts is presented 
in Table 3-10, along with the geometry and thermal-physical properties used 
in the computations . The heat rate for the glass fiber shell includes the 
total effect of the tunneling and emphasizes the need for the barrier. Hie 
chopped Dexiglas is approximately 30 percent more effective than the foam 
core. The radiation barrier concept was compared by selecting only enough 
shields to reduce the core heat flux to the same level (q^/q^ = 0.018) as 
for the chopped Dexiglas. The corresponding density is approximately 5 
shields/in. (2 shields/cm). The difference in total weight penalty between 
the Dexiglas core and the Mylar shields is insignificant. Reducing the 
number of shields below 74 would increase the heat rate with a miniscule 
reduction in inert weight. Conversely, the core heat rate is less than 2 
percent of that conducted down the strut body wall, and a large increase in 
the number of shields would not materially reduce the total weight penalty. 

Although the spaced Mylar shield system is theoretically optimum based on 
weight, some additional weight penalty would be incurred to install and 
support the shields. Since the weight penalty associated with the chopped 
Dexiglas system is insignificant in comparison, and since this system can 
be installed with relative ease and without regard for surface optical prop- 
erties, this candidate was selected for use throughout the program. 

3.2.3 Development of Final Designs 

Four of the six basic strut configurations which were investigated during the 
ttisk 1 end fitting and core insulation studies were selected for fabrication 
and experimental screening tests under Task 2. Some dimensional changes, 
with respect to those given in Table 3-4, were made to reflect the selection 
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Table 3-10 

COMPARISON OF SYSTEM HEAT TRANSFER AND WEIGHT^ DATA FOR STRUT 
CONFIGURATION 1 WITH THREE CANDIDATE RADIATION BARRIERS 


Candidate 

Component 

Glass Fiber 
Shell 

Polyurethane 
Foam Core 

i 

Chopped 
Dexi glass 
Core 

Spaced Mylar 
Radiation 
Shield Core 

k ,Btu/hr ft°R 

0.235^ 

0.006^ 

0.000245 

n/a 

C at 278° R 




(w/cm°K at 

(0.00407) 

(0.0001) 

(0.00000424) 


154. 4°K) 



P, lbm/ft 3 

127. 2^ 

2.5< 6 > 

k.3 W 


(kg/m3) 

(2038) 

(40) 

(69) 

L, ft 

1.317 

1.317 

1.317 

1.317 

C (■) 

(0.401) 

(0.401) 

(0.401) 

(0.401) 

V ft 2 

0.000916 

0.0158 

0.0158 

n/a 

' (™ 2 ) 

(O.OOOO85) 

(0.00147) 

(0.00147) 

V, ft 3 

0.00121 

0.0208 

0.0208 

n/a 

(m 3 ) 

(0.000034) 

(0.00059) 

(0.00059) 

n(f g =0.10) 

n/a 

n/a 

n/a 

74 

Q_ _ , Bt u/hr 

0.555 

0.0348 

0.00142 

0.00142 

core (w) 

(0.163) 

(0.0102) 

(0.00042 

(0.00042) 


0.633 

0.114 

0.080 

0.080 

(0.185) 

(0.0334) 

(0.023) 

(0.023) 

W , . , lbm 

0.153 

0.052 

O.O89 

0.002 

inert (kg) 

(O.069) 

(0.024) 

(0.040) 

(0.0009) 

W, ,lbm 

17.85 

3.688 

2.250 

2.250 

boiloff(kg) 

(8.10) 

(1.673) 

(1.021) 

(1.021) 

W , , lbm 

18.00 

3.740 

2.339 

2.252 

total (kg) 

(8.16) 

(1.696) 

(l.06l) 

(1.022) 


Notes: (l) System inert weights shown exclude all strut end fitting 

components since these do not influence the tradeoff of 
radiation barrier weights. 

(2) Ref Fig. 3-20. 

(3) Ref 2k, Page 20. 

(4) Ref 25, Fig. 43 

(5) Ref 1, Fig. 6-83- 

(6) Ref 3, Pages 39 and 4o. 

(7) Each shield cut from double-aluminized l/4-mil Mylar with a 
surface area of 2.275 in. 2 (14.7 cm 2 ) and a unit weight of 
3.153 x 10-5 lbm (1.430 x 10-5 kg). 
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of different load-length design points. A summary of the general design 
requirements for these configurations is presented in Table 3-H- 


Table 3-H 

SUMMARY OF DESIGN REQUIREMENTS FOR SELECTED TASK 2 STRUTS 


Configuration No. 

II-l 

11-2 

11- 3 

II-4 

Configuration 

Description 

Monocoque 

Cylinder 

Monocoque 

Cylinder 

Stiffened 

Cylinder 

Monocoque 

Ogive 

Longo Wrap Thickness, 
mil (mm) 

12(0.30) 

18(0.46) 

12(0.30) 

3,4(0.61) 

Strut Length, in. (cm) 

24.0(61.0) 

19-0(48.3) 

19.0(48.3) 

36.0(91.4) 

Midspan Outside Dia, 
in. (cm) 

1.5( 3-81) 

l.5( 3.8l) 

1. 5( 3.81) 

2.5( 6.35) 

End Outside Dia . , in( cm) 

1.5( 3.8l) 

1.5( 3.8l) 

1. 5( 3.8i) 

1.85(4.70) 

No. of Glass-Fiber 
Stiffeners 

0 

0 

16 

0 

Predicted Ult Comp 
Load, lbf (N) 

2300 
( 10230 

5300 

(23570) 

5900 

(26240) 

8400 

(37360) 

Predicted Ult Tension 
Load, lbf (N) 

5750 

(25580) 

13250 

(58940) 

14750 

(65610) 

21000 

(93410) 

Design Ult Fitting 
Load, lbf (N) 

11500 

(51150 

26500 
( 117900) 

29500 
( 131200) 

42000 

(186800) 

Design Limit Cyclic 
Load, lbf (N) 

4no 
( 18280) 

_j 

9460 

(42080) 

10540 
( 46880) 

15000 

(66720) 


Based on these requirements design drawings were prepared for each of the 
selected configurations*. The titanium internal end fittings were designed, 
and mating rod-end fittings were selected, to satisfy these requirements. 

The 2BREF-8-100 rod-end selected for configuration II-l provides approximately 
double the required ultimate static load rating (Ref Table 3-8) compared to 
the design ultimate fitting load shown in Table 3-11. Also, at the predicted 
limit strut tension load (i.e., the design limit cyclic load), the rated 

* These drawings were subsequently revised to incorporate requirements for 
the Task 3'struts. The revised drawings are presented later in this section. 
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fatigue life for this fitting is in excess of 800,000 cycles. However, 
selection of the next smaller size (2BREF-7-100) would significantly reduce 
the static and cycle-life performance with a reduction in weight of only 0.1 
lhm (0.045 kg). 

The 2BREF-10-100 rod-end selected for configurations II-2 and II-3 is marginal 
with respect to the ultimate static load rating, but provides an adequate 
fatigue life capability of approximately 75 >000 cycles. For strut configura- 
tion II-4, the 2BREF- 14-100 rod-end provides approximately 15 percent more 
than the required ultimate static load rating, with an estimated fatigue life 
of approximately 150,000 cycles at the predicted limit tension load. The 
next smaller rod-end (2BKEF- 12-100) does not provide adequate ultimate static 
load capability, and is marginal in cycle life as well. 

Subsequent to completion of the Task 2 tests, the compressive load design 
data developed previously in Task 1 were revised and updated to reflect the 
elastic modulus values obtained from the tests. Detailed discussions of these 
tests and the results obtained from them are presented in Sections 4 and 7* 

Data on the compressive modulus of elasticity for composite fiberglass struts 
are presented in Fig. 3-36 as a function of the percent of fibers in the longo 
direction. As shown, values for all-circ and all-longo designs were taken from 
MIL-HDBK-17A (Ref 26). Values shown for designs with 50-, 60-, and 63.5-per- 
cent longos were obtained from the Task 2 tests restats. The smooth curve 
drawn through the data was used for all subsequent analysis conducted during 
the program. 

Revised ultimate compressive loads as a function of strut length and outside 
diameter are presented in Figs. 3-37# 3-38, and 3-39# respectively, for mono- 
coque fiberglass cylinders with longo wrap thicknesses of 12, 18, and 24 mil 
(0.30, 0.46, and 0.6l mm). Column buckling allowables, P^, were computed 
using equation (3-1) and the elastic modulus data from Fig. 3-36. As in the 
initial parametric analysis, orthotropic crippling cut-off values, Pg^p# were 
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Fig. 3-36 Compressive Modulus of Elasticity for Fiberglass 

Struts as a Function of Fiber Distribution 



Ultimate Compressive Load (lbfx 10 



Strut Length (cm) 


i • i i ■ ^ r !”i * ' V i r? t- 
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Fig. 3-37 Revised Ultimate Compressive. Loads for Monocoque Fiberglass 
Cylinders with a 12-mil (0.30 -mm ) Longo Wrap Thickness 
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Ultimate Compressive Load (N >x 10 





Strut Length (cm) 



Fig. 3-38 Revised Ultimate Compressive Loads for Monocoque Fiberglass 
Cylinders with an 18-mil (0.46-mm) Longo Wrap Thickness 
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Ultime Compressive Load (N x 10 



Strut Length (cm) 



Fig. 3-39 Revised Ultimate Compressive Loads for Monocoque Fiberglass 
Cylinders with a 24-mil (0.61-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 



computed for struts with non-structural cores only using equation (3-3) and 
the BARSIN computer program. Also, since some of the specimens tested in 
Task 2 exhibited failures in compressive crushing of the composite material, 
cut-off values for allowable crushing loads, P c ^, were included in these fig- 
ures. These allowables were computed as the product of the longo composite 

8 2 

area and an ultimate crushing stress of 100,000 psi (6.9 * 10 N/m ) (Ref 26, 

Table 4.30). Note that the crushing cut-off allowables increase with increas- 
ing diameter, whereas the crippling cut-off allowables are independent of 
diameter. 

The boundaries of the load-length design envelope specified in the contract 
(Ref Table 3-1) are superimposed on the data presented in each figure for 
reference. Also, in those areas of each design map where failures are predicted 
in any one of the three primary failure modes, the data are shown as broken- line 
curves. Where solid- line data curves are shown, no failures are predicted. 

Similar design maps showing revised ultimate compressive loads as a function 
of strut length and outside diameter at midspan are presented in Figs. 3-^+0, 3-^1, 
and 3-42, respectively, for monocoque fiberglass ogives with longo wrap thick- 
nesses at midspan of 12, 18, and 24 mil (0.30, 0.46, and 0.6l mm). As for the 
cylindrical strut designs, cut-off values of ultimate crippling and crushing 
loads, together with the boundaries of the specified load-length design envelope, 
are superimposed on the column buckling curves in each figure. 

Cross-plots of the revised ultimate compressive loads (Figs. 3-37 through 3-^2) 
as a function of nominal longo wrap thickness were employed to determine the 
characteristics of optimum designs (i.e., those where predicted ultimate loads 
are equal for two of the three primary failure modes, and are either equal or 
greater for the third mode). These plots are presented in Figs. 3-^-3, 3-^> and 
3-45, respectively, for strut with the same general construction, lengths, and 
diameters as those specified in Table 3-11 for configurations II-l, II-2, and II-4. 
Configuration II-3 was not selected for further investigation. It can be seen by 
inspection of these figures that the designs recommended for further investigation 
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Fig. 3-4"! • Revised Ultimate Compressive Loads for Monocoque Fiberglass 

Ogives with an 18-mil (0.46-mm) Longo Wrap Thickness at Midspan 
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Fig. 3-4-2 Revised Ultimate Compressive Loads for Monocoque Fiberglass 

Ogives with a 24-mil (0.6l-mm) Longo Wrap Thickness at Midspan 
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Ultimate Compressive Load (N x 10 







Ultimate Compressive Load (lbf 



Nominal Longo Thickness (mil) 


Fig. 3-43 Revised Ultimate Compressive Loads as a Function of Longo 

Wrap Thickness for a 24-in. -(61 -cm-) Long, 1 .5-in. -(3. 81 -cm-) 
Diameter Monocoque Fiberglass Cylinder 
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Fig. 3-44 Revised Ultimate Compressive Loads as a Function of Longo 
Wrap Thickness for a 19-in. -( 48. 3-cm-) Long, 1 . 5-in. - 
(3. 81 -cm-) Diameter Monocoque Fiberglass Cylinder 
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Nominal Longo Thickness (mm) 



Fig* 3-45 Revised Ultimate Compressive Loads as a Function of Longo 
Wrap Thickness at Midspan for a 36-in. — (101 .6-cm-) Long, 

2. 5-in.-(6.35-cm-) Midspan Diameter Monoque Fiberglass Ogive 
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in Tasks 3 and 4 were biased slightly so that each was critical in column buck- 
ling rather than either the crippling or the crushing modes of failure. This 
was done to improve design predictability, since the test data show less scatter 
for failures in column buckling. 

The designs recommended in Figs 3-43, 3-44, and 3-45 were selected for fabrica- 
tion in Task 3 and for full-scale testing in Task 4. A summary of requirements 
for these designs, designated as configurations III-l, III-2, and III-3, re- 
spectively, is presented in Table 3-12. Detailed requirements are given on the 
design assembly drawings which are presented in Figs 3-46, 3-47, and 3-48, 
respectively, for configurations III-l, III-2, and III-3. Note that these 
drawings also apply in general to the designs fabricated and tested in Task 2. 
Fig. 3-46 applies to strut configuration II-l, Fig. 3-47 shows strut configura- 
tions II-2 and II-3, and Fig. 3-48 corresponds to strut configuration II-4. 


Table 3-12 

SUMMARY OF DESIGN REQUIREMENTS FOR SELECTED TASK 3 STRUTS 


Configuration No. 

III-l 

III-2 

III-3 

Configuration 

Monocoque 

Monocoque 

Monocoque 

Description 

Cylinder 

Cylinder 

Ogive 

Longo Wrap Thickness, mil(mm) 

8(0.20) 

15(0.38) 

10(0.25) 

Strut Length, in. (cm) 

24.0(61.0) 

19-0(48.3) 

36.0(91.4) 

Midspan Outside Dia, in. (cm) 

1.5(3.8l) 

1.5( 3.81) 

2.5( 6.35) 

End Outside Dia, in. (cm) 

l-5( 3.81) 

1.5( 3.81) 

1.85(4.70) 

Predicted Ult Comp Load, 
lbf (N) 

2900( 12900) 

6430(28600) 

4600(20460) 

Predicted Ult Tension Load, 
lbf (N) 

766o( 34070) 

14320(63700) 

16010(71210) 

Design Ult Fitting Load, lbf (N) 

15320(68140) 

28640( 127400) 

32020( 142400) 

Design Limit Cyclic Load, 
lbf (N) 

5470(24330) 

10230(45500) 

11440(50890) 
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Fig. 3-46 Design Assembly Drawing for Strut 

Configurations II-l and III-l 
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Fig. 3-47 Design Assembly Drawing for 

Strut Configurations II-2, 
II-3, and III-2 
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Fig. 3-48 Design Assembly Drawing for 

Strut Configurations XI-4 
and HI-3 
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'Detailed winding requirements for the Task 2 strut configurations are not 
shown in these drawings, but are presented in Section 4.1.1. 

Comparison of the design ultimate fitting loads and the design limit cyclic 
loads for Task 2 and Task 3 struts (Tables 3-H and 3-12, respectively) with 
the rated ultimate static and cycle-life capabilities of the selected 2BREF 
series rod-end fittings (Ref Table 3-8) shows that a 2BREF-12-100 rod-end 
would' satisfy the requirements of the III-3 strut. The difference in weight 
between the -14 and the -12 rod-ends is approximately 0.5 lbm (0.23 kg) 
each, or a reduction in weight of approximately 1.0 lbm (0.45 kg) per strut. 
However, the -l4 rod-end was retained for the III-3 strut design, since both 
the rod-ends and the mating titanium fittings had already been obtained on 
the basis of the Task 2 design, and a substitution was impractical in terms 
of program cost and schedule. A similar comparison shows that the rod-ends 
selected for the III-l and III-2 strut designs are suitably matched to the 
design requirements. , 
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Section 4 


TASK 2 - EXPERIMENTAL CONCEPT SCREENING PROGRAM 

In Task 2, three struts each of four selected designs (Ref Table 3-ll) were 
fabricated to verify that all design and manufacturing requirements could 
be achieved, and to provide short-column specimens for test. These specimens 
were potted at each end with epoxy, instrumented with strain-measurement 
transducers, and tested to failure in compression at room temperature. The 
data obtained were used to derive experimental values of compressive modulus 
of elasticity which were in turn used to revise and update the parametric 
structural design curves developed in Task 1. The failed specimens were sub- 
jected to a laboratory analysis to determine resin content, composite thick- 
ness and density, void volume fraction, and other critical manufacturing 
parameters. Details of the work conducted in Task 2 are presented in this 
section. 

4.1 PREPARATION OF TEST HARDWARE AND FACILITIES 

4.1.1 Short-Column Test Specimens 

The short-column specimens required for Task 2 tests were cut from the mid- 
span section of full-scale struts. These struts were fabricated using the 
same internal titanium end fittings manufactured in Task 3 for later use to 
produce the Task 4 test specimens. Also, the cast salt mandrels used to wind 
the Task 2 struts were produced using the mandrel tooling provided under Task 
3. Fabrication of both the titanium end fittings and the cast salt mandrels 
is discussed in Section 5« 

Typical struts fabricated in Task 2 are shown in the photographs of Figs 4-1 
and 4-2, respectively, for configurations II-l and II-3» General design 
requirements for each of the four selected configurations were presented 
previously (Ref Table 3-11). Details of each design, excluding specific 
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Fig. 4-1 Configuration II - 1 Monocoque Fiberglass 
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winding requirements, were also presented in the design drawings (Ref Figs. 
3-46, 3-47, and 3-48). Winding, curing, and final assembly operations for 
these struts were conducted according to the procedures presented and dis- 
cussed in Section 5 and Appendix E. The number and spacing of the longo 
and circ rovings required for each design are summarized in Bible 4-1 below. 
These values were determined using the method described in Appendix F. 

For configuration II-3 (Fig. 4-2), the half-round fiberglass stiffeners were 
fabricated independently by hand layup of all-longo rovings over a metal 
mandrel plate which contained machined grooves of the required radius. The 
stiffeners were then cured, cut to the proper length, and secondary-bonded 
to the strut body cylinder using epoxy resin. 

After winding, curing, and mandrel removal operations had been completed, 
the struts were 3et up one at a time in a lathe and the short-column speci- 
mens were cut from the midspan section of each. Initially, each specimen 
was cut approximately 1 in. (2.54 cm) longer than the desired 8-in. (20.3- 
cm) final length. Subsequently, wooden mandrel plugs were installed into 
each end of each specimen to support the wall during the final cutting opera- 
tions. These cuts were also performed on a lathe using an abrasive cutting 
tool. Extreme care was exercised in the preparation of these specimens to 
ensure that the ends were flat and parallel within ± 0.001 in. (± 0.00254 cm), 
and were perpendicular to the longitudinal axis within ±0.005 in. (+0.0127 cm). 
When cut to the final length, each end of each specimen was then potted with 
epoxy to complete the preparation. 

4.1.2 Instrumentation for Strain Measurements 

Linear variable differential transformers (LVDTs), nominally accurate to ± 0.1 
mil (± 0.00254 mm), were used to measure specimen deflections under load. 
Special clamps were used to position these transducers over a 3* 5-in. (8.89- 
cm) gage length centered about the midspan of each specimen. Initially, 
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Table 4-1 


SUMMARY OF WINDING REQUIREMENTS FOR TASK 2 STRUTS 


Configuration 

II-l 

II-2 

II-3 

II-4 

Configuration Description 




IgMii 

Drawing No. 

CP 3060932 

CP 3060936 

CP 3060936 

CP 3060934 

No. of 8 -End Longo Rovings 

220 

328 

220 

730 

No. of 8 -End Longo Revolutions 

no 

164 

no 

635 

No. of Longo Wraps 

2 

2 

2 

4 

Av. Longo Spacing, Ea. 
Wrap, in. (cm) 

0.0424 

(0.1077) 

0.0282 

( 0 . 0716 ) 

o.o424 

( 0 . 1077 ) 

0.0424 

( 0 . 1077 ) 

No. of 8-End Circ Rovings 
(Ea. Circ Wrap Excluding 
End Transition Fillets) 

385 

241 

241 

579 

Av. Circ Spacing, Ea. 
Wrap, in. (cm) 

0.0424 

(0.1077) 

O H 
• • 

O O 

0.0424 

( 0 . 1077 ) 

0.0424 

(0.1077) 


two transducers were used as shown in Fig. 4-3. These transducers were ori- 
ented to coincide with one principal axis of the support system, about which 
spurious bending moments were minimized. This was achieved by loading the 
specimen through a tilting base plate mounted on coupled hydraulic cylinders. 

It was found, after conducting the initial series of tests on specimens of 
the II-l configuration, that additional hydraulic cylinder supports to con- 
trol tilting of the base plate about both principal axes were required to 
truly minimize bending moments and reduce the scatter of the data obtained. 
Control about both axes was required because the bending stiffness of these 
relatively small-diameter tubular specimens was insufficient to equalize 
the hydraulic oil pressure between the coupled cylinders. With the two-axis 
control system, four equally-spaced LVDTs were required and hydraulic pres- 
sure was equalized manually using the output signals from each opposed pair 
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Fig, 4-3 Setup of Short -Column Test Specimens with 

Single -Axis Bending Control and Strain Measurements 


of LVDTs. This setup is shown in Fig. 4-4. An automatic servo-control system 
was considered but past experience has shown that such a system requires con- 
siderable adjustment and tuning, usually accompanied by the loss of several 
test specimens. 

For both the single-axis and the two axis control systems, the LVDTb were 
attached to the specimens using the special clamps shown in the photographs. 
Each clamp was attached to the specimen vising four screws at 90° intervals. 

The end of each screw in contact with the specimen was machined to a 90° 
point, and then ground to provide a spherical contact surface. The clamping 
screws were torqued finger-tight to minimize stress concentrations and to 
avoid the introduction of surface flaws. 

4.1.3 Test Machine Setup 

Task 2 short-column compression tests were performed on a 50,000-lbf (222,400-N) 
Warner and Swasey universal tension-compression testing machine. Tfce speci- 
mens were loaded through a tilting base plate mounted on hydraulic cylinders 
as discussed in the previous section. Mosley Model 2000A X-Y plotters were 
used to obtain load-deflection data curves for control of the system, and to 
show that no significant bending moments were incurred during the testing. 

4.2 SHORT-COLUMN SCREENING TESTS 

4.2.1 Test Operations and Results 

During the Task 2 testing, data were measured and recorded continuously for 
applied compressive load, average strain over the 3 * 5 -in. ( 8 . 89 -cm) gage 
length, and differential strain for each opposed pair of transducers. A 
total of twelve specimens were tested to failure in compression. A summary 
of the specimen geometry, failure loads, and number of control axes employed 
is presented in Table 4-2. 
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Fig. 4-4 Setup of Short-Column Test Specimens with Two- 
Axis Bending Control and Strain Measurements 



Table 4-2 


SUMMARY OF TASK 2 TEST RESULTS 


Config- 

uration 

No. 

Specimen 

No. 

Av. Wall 
Thickness^ 
in. (cm) 

Failure Load 
lbf (N) 

No. of Axes 
for Moment 
Control 


X-17-23-1 

0.031 

(O.O 79 ) 

6630 

( 29 , 490 ) 

1 

II-l 

-2 

0.030 

( 0 . 076 ) 

3420 

( 15 , 210 ) 

1 


-3 

0 . 0265 ^ 

(0.0673) 

2270 

( 10 , 100 ) 

1 


X-14-16-A1 

0.032 

( 0 . 08 l) 

8630 

( 38 , 390 ) 

2 

II-2 

-A2 

0.033 

(0.084) 

8550 

( 38 , 030 ) 

2 


-A3 

0.034 

( 0 . 086 ) 

8670 

( 38 , 560 ) 

2 


X-14-20-B4 

0.024 

( 0 . 06 l) 

9650 

( 42 , 920 ) 

2 

II-3 

-B5 

0.022 

( 0 . 056 ) 

6100 

( 27 , 130 ) 

2 


X-17-24-1 

0.028 

(0.071) 

7270 

( 32 , 3 ^ 0 ) 

2 


X-17-22-1 

0.043 

(0.109) 


( 71 , 610 ) 

2 

II-4 

-2 

0.043 

(0.109) 

K 


2 


-3 

0.042 

(0.107) 

16,450 

(73,170) 

2 


Notes : 


(1) Measured at eight locations at 45° intervals around the circumference 
at midspan. 

(2) Specimen damaged due to unraveling of inner circ over approximately 
one-half the length; reduced wall thickness = 0.0185 in. (0.0470 cm). 


Inspection of the data presented shows an average scatter of approximately 
±1 percent for the failure loads obtained on specimens of configurations II -2 
and II-4. This indicates excellent structural reproducibility for these con- 
figurations, and also indicates that the two-axi3 moment control system was 
quite satisfactory. However, for the specimens of configuration IT-1, the 
scatter was much greater indicating that single-axis control was inadequate. 
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Neglecting the results for specimen X-17-23-3 > which was known to be defec- 
tive due to unraveling of approximately half of the inner circ wrap, the 
average scatter for the other two specimens of this design is approximately 
±32 percent. The only possible explanation for this vast discrepancy is 
that high moments about the uncontrolled axis contributed to the very low 
failure load of the -2 specimen, and that by coincidence the moments were 
relatively minor for the -1 specimen. 

The data obtained for specimens of the H-3 stiffened cylinder configuration 
show excessive scatter of approximately ±25 percent, even with two-axis 
moment control. This result indicates poor structural reproducibility for 
this design. 

Failure in all specimens, except the X-17-23-3 damaged specimen, appears to 
have resulted from localized compression or crushing failure of the material 
rather than classic diamond-pattern crippling. Figures 4-5 and 4-6 show 
typical examples for the II-l and II -2 configurations, respectively. Failure 
of the X-17-23-3 damaged specimen is illustrated in Fig. 4-7, and shows 
classic diamond-pattern buckling of the thin-wall section of the tube. Hie 
type of failures observed for specimens of the II-3 stiffened cylinder con- 
figuration is shown typically in Fig. 4-8. During these tests, it could not 
be conclusively determined whether or not failure of the secondary bond be- 
tween the stiffeners and the strut body wall actually preceded the compress- 
ive failure of the wall; however, this appeared to be the case. 

4.2.2 Data Reduction and Analysis 

The load-deflection data obtained from results of the short-column tests were 
reduced to determine average compressive stress and strain values for all 
specimens. Average strain values were computed from the applied load records 
and the composite cross-sectional area. Average deflection values for the 
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Fig. 4-7 Specimen X-17-23-3 After Failure in Compressive Crippling 
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Fig. 4-8 Specimens of Configuration II-3 After Compressive Failure 



number of transducers used (i.e. , two or four) were divided by the 3*5-in. 
(8.89-cm) gage length to determine average strain. The resulting stress- 
strain curves were plotted for each specimen tested. These curves are pre- 
sented in Figs. 4-9, 4-10, 4-11, and 4-12, respectively for the II-l, II -2, 
II-3, and II-4 strut configurations. 

Values of compressive modulus of elasticity and isotropic crippling coefficient 
for each specimen were derived from the results of the Task 2 short-column 
tests. These derivations were performed under Task 5 data correlations and 
analysis. The results are presented and discussed in Section 7.1.1. 
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(a) Specimen X-17-23-1 (b) Specimen X-17-23-2 (c) Specimen X-17-23-3 
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Fig. 14—10 Compressive Stress-Strain Curves for the Configuration II-2 
Monocoque Fiberglass Cylinders 




Fig. 4-11 Compressive Stress-Strain Curves for the Configuration II-3 
Stiffened Fiberglass Cylinders 
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Fig. k-12 Compressive Stress-Strain Curves for the Configuration Il-ij- 
Monoeoque Fiberglass Ogives 






Section 5 


TASK 3 - STRUT FABRICATION 

Initially in Task 3, pre impregnated glass fiber-epoxy materials, titanium 
internal end fittings and caps, and stainless-steel rod-end fittings were 
procured to produce the strut hardware needed for both the Task 2 and Task L 
test programs. Concurrently, mandrel tooling was developed and winding 
mandrels were cast to satisfy the requirements of both tasks. Finally, 
eight struts each of three selected configurations were fabricated to pro- 
vide the required Task k test specimens. These configurations were selected 
on the basis of the results obtained from the Task 1 analysis and the Task 2 
screening tests. Detailed descriptions of these activities, and of the 
hardware produced in Task 3, are presented in this section. 

All of the Task 3 operations, including procurement of materials and fittings, 
fabrication of tooling and mandrels, and fabrication and assembly of the 
struts, were performed In accordance with the requirements of Process Speci- 
fication No. 3060993. This specification, developed during the contract 
program, is presented in Appendix E. 

5.1 MATERIAL AND FITTING PROCUREMENT 

5.1.1 Glass Fibers and Resin Prepreg 

As specified in the contract (Ref Section 3-1.1), S-901 glass fiber rein- 
forcements and E -787 epoxy resin were used to produce all of the struts re- 
quired for the program. Initially 3-end, 8-end, and 12-end fiberglass roving 
sizes were considered. The 8-end roving size was selected based on a trade- 
off of its suitability to achieve the required variable wrap thickness and 
cost . 
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After delivery of the glass-fiber material by the manufacturer, it was shipped 
to a separate source for pre impregnation with the E-787 epoxy resin system. 

The prepregged material was then stored in a refrigerated, B-staged condition 
until needed for the winding operations. At ambient temperature, the pre- 
preg material was readily removed from the spool and wound into the desired 
configuration. With the controlled application of heat and pressure, the 
resin softened, flowed, and formed the desired resin matrix. 

5.1.2 Titanium End Fittings and Caps 

Selection of titanium as the most suitable material for fabrication of the 
internal end fittings and compression caps was accomplished in Task 1 (Ref 
Section 3-2.1). Design of recoverable end fittings and caps which could 
satisfy the requirements for both the Task 2 and the T-^sk k struts was also 
conducted during the Task 1 studies (Ref Figs. 3-^-6, 3-^7, and 3-^+8 for 
applicable drawings). 

Eight complete end fitting and cap sets for each of the three selected strut 
configurations* were machined from Ti-6A1-4V-ELI bar stock. Subsequent to 
completion of the machining operations, the surface of each fitting was 
sand-blasted in the area of contact with the composite fiberglass material, 
external threads were rolled to obtain optimum notch fracture characteris- 
tics, and a molybdenum sulfide solid-film lubricant was applied to the threaded 
section of each fitting. 

Throughout the Task 3 program, the titanium fittings and caps were recovered 
from failed specimens of each strut configuration and reused to fabricate 
additional struts. A suitable epoxy stripper solvent was selected and used 
for this purpose. 


* The end fittings and caps shown in Drawing No. CP3060936 (Fig. 3-^7) were 
used for production of both the II-2 and II-3 strut configurations in Task 2. 
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5-1.3 Rod-End Fittings 


Internally-threaded Monoball* rod-end fittings of the 2BREF series were 
selected in Task 1 (Ref Section 3-2.1) for use with the Task 4 struts. Two 
sets each, with left- and right-hand threads, of the -8, -10, and -14 fittings 
were procured. These fittings were installed in accordance with the require- 
ments specified on the drawings (Ref Figs. 3-46, 3-47, and 3-48), and reused 
as required to accomplish all of the Task 4 tests. 

5.2 TOOLING AND MANDREL FABRICATION 

Mandrels are required to provide a smooth, rigid winding surface of the de- 
sired shape and size for fabrication of filament-wound fiberglass struts. 

In addition, the mandrel must maintain dimensional stability during curing 
operations, and the mandrel material must be readily removable without damage 
to the fiberglass composite structure once the latter has been cured. Since 
the strut designs developed and used for this contract program were all of 
a closed-end configuration, the mandrels had to be removed through relatively 
small-diameter openings in each of the internal end fittings. 

Studies and evaluations conducted under this contract, and under related 
independent development and manufacturing research investigations, led to 
the selection of a water-soluble salt-mandrel system which could be cast into 
hollow cylindrical shapes and could be readily removed by warm water wash- 
out of the cured structure. Sand mandrels with water-soluble resin binder 
materials were also evaluated. It was found that the salt-mandrel system was 
more cost effective for producing limited numbers of specialized mandrel 
shapes. In addition, the salt mandrel material is poured into the casting 
mold in a molten condition and, consequently, is more suitable for achieving 
the complex mandrel shapes required for some strut configurations. 


* Southwest Products Co., Inc., Monrovia, California 
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5.2.1 Metal Masters and Fiberglass Molds 


Salt mandrels fabricated in Task 3 were produced using two-piece split fiber- 
glass casting molds. The typical mold shown in Fig. 5-1 was used to fabricate 
the mandrels for ogive strut configurations II-4 and III-3. Similar molds 
were fabricated for each of the other selected strut configurations. The 
molds were layed up, using fiberglass-epoxy materials, over aluminum masters 
which had been machined to the desired contour and dimensions. All dimen- 
sions of the aluminum master were increased by approximately 1.04 percent 
over the corresponding strut dimensions to allow for shrinkage of the salt 
material in cooling from the casting temperature to room temperature. 

Dimensional studies conducted on the salt mandrels produced in T^>sk 3 showed 
minor bowing and out -of- roundness imperfections which can be attributed 
directly to the split casting molds used. Since the dimensional precision 
of the mandrels is directly proportional to the precision achieved in the 
mold, these dimensional imperfections could have been reduced by using more 
precise (and more costly) tooling. However, the imperfections incurred 
were not significant, and the split casting molds were found to be entirely 
satisfactory to achieve the goals of this program. 

5.2.2 Cast Salt Mandrels 

Using the fiberglass split casting molds described in the previous section, 
salt mandrels were cast and used to wind the Task 2 and Task 3 struts. The 
salt material selected was compounded specifically for use in wash-away man- 
drels. Properties of this material, identified as Paraplast 36 by the 
supplier*, are shown in Table 5-1. 

Using this material, salt mandrels were cast by melting the salt at 400°F 
(204°C), and by then pouring it into the preheated mold. After filling, 
the mold was rotated and cooled until a solid wall of salt, approximately 
0.25-in. (0.635-cm) thick, had been formed. The excess molton material was 

* Resolin, Inc., Chatsworth, California 
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Fig. 5-1 Typical Split Casting Mold Used to Produce 
Salt Mandrels for Ogive Struts 


Table 5-1 


PROPERTY - DATA FOR PARAPLAST 3 6 SALT 


Form 

Powder 

Color 

Green 

Decomposition Temp, °F ( °C) 

Approx 1200 (649) 

Heat Resistance, °F(°C) 

350 (177) 

Melt or Pour Temp, °F (°C) 

400 to 420 (204 to 216 ) 

Preheated Mold Temp, °F (°C) 

175 to 225 (79 to 107) 

Compressive Strength: 

15,000 (1.03 x 10 8 ) 

Av. psi (N/m 2 ) at 75°F (24°C) 

Av. psi (N/m 2 ) at 300°F(149°C) 

2,300 (1.59 x 10 T ) 

Coefficient of Expansion from 

2.9 x 10" 5 (5.2 x 10' 5 ) 

75°F (24°C) to 300°F (149°C), 
in. /in. °F (cm/cm°C) 

Water Solubility Rate in Tap Water 

5 to 10 (11 to 22) 

at 140°F (60 Q C), min/lbm 
(min/ kg) 

Density (Solid Cast), lbm/ft 8 (kg/m^) 

129 to 133 (2067 to 2131) 

Specific Heat, Btu/lbm °F (joule/gm °C) 

0.33 to 0.37 (1.4 to 1.5) 

Latent Heat of Fusion, Btu/lbm (joule/gm) 

35 ( 81 ) 

Heat Conductivity 

. . , i 

Approx. Equal to Efater 


then poured back into the melt pot. After cooling, the mandrel was removed 
from the mold and finished prior to use in the winding operation. 

5.3 STRUT FABRICATION AND ASSEMBLY 

In Task 3, a total of 24 fiberglass struts were fabricated for subsequent 
testing in Task b. The completed hardware, shown in Fig. 5-2, included eight 
specimens each of three different design configurations which were selected 
after completion of design studies in Task 1 and the screening tests in Task 2. 
Drawings of the selected designs are presented in Section 3(Ref Figs. 3-46, 
3-47, and 3-48). 
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5-3-1 Setup and Filament Winding Operations 


Strut fabrication was initiated by setup of a cast salt mandrel and the cor- 
responding internal titanium end fittings in the winding machine. Fig. 5-3 
shows a typical mandrel, end fittings, and & completed strut of the 11.7-1 
configuration. During the setup, the preimpregnated fiberglass material was 
weighed, placed on the machine, and then threaded into the feed mechanism. 

The inner circ was wound directly onto the mandrel using automatically- 
controlled mandrel rotation, horizontal carriage -feed, and winding tension. 
Subsequently, the longo wraps were installed using automatic controls for 
winding tension and the placement of each roving. Between successive rovings 
the polar fixture was indexed manually to predetermined settings. Struts 
with pure polar windings (zero-degree longos) and those with cross-center 
windings (approximately 3- to 6-degree longos) were investigated. Those fab- 
ricated under the contract were of the cross-center type. During installa- 
tion of the longo rovings, steel tension rods were installed through the 
holes in each end fitting and used to help support the cantilevered assembly 
from the drive chuck. 

Manufacturing research studies, conducted outside of the contract effort, 
indicate that fully-automated winding of polar-wound longo designs, such as 
those fabricated under the contract, could be accomplished with the develop- 
ment of suitable thread guides peculiar to each design configuration. Howeve 
such development was not considered to be cost-effective for the limited 
number of specimens produced under the contract program. 

Subsequent to installation of the longo wraps, he at -shrinkable Mylar tape 
was applied onto the windings, and initial debulking of the structure was 
accomplished through application of controlled heat and pressure. After 
removal of the tape, the compression caps were then installed and the 
external circ wrap was installed using fully-automatic controls. During 
application of the circ wraps, the assembly was supported from both the 
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head and tail stock as shown in Fig. This photograph was taken near 

completion of one of the III-3 ogive specimens. 

5.3-2 Debulking and Curing Operations 

After completion of the filament winding operations, each strut was removed 
from the winding machine, placed in a vacuum bag, and final debulking was 
accomplished using a combination of heat, pressure, and squeegee techniques. 
Curing of the fiberglass was accomplished in an oven at temperatures ranging 
from 200° F (93°C) to 300° F (l49°C) for prescribed periods of time (Ref 
Appendix E). 


5 « 3-3 Mandrel Removal and Final Assembly 

After each fiberglass strut had been cured, it was removed from the vacuum 
bag, cleaned, and the salt mandrel was removed by flushing the core cavity 
with warm water. The chopped Dexiglas core insulation, which is specified 
in the design drawings and would be required for thermal test or flight 
article hardware, was not installed in the Task V specimens since they were 
to be subjected to structural tests only. 

The strut assembly was completed by installation of the proper rod-end 
fittings, adjustment to achieve the specified length, and installation of 
the locknuts and safety wire. 
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Section 6 


TASK 4 - TEST PROGRAM 

The fiberglass struts which were fabricated in Task 3 were tested to failure 
in Task 4. For each of the selected designs (Ref Table 3-12 and Figs. 3-46, 
3-47, and 3-48), two or more specimens were tested in compression, two or 
more in tension, and two or more in cyclic loading modes. Each of the speci- 
mens was tested using a 60,000 lbf (266,900 N) dynamic test machine with one 
end of the strut submerged in liquid nitrogen to simulate design environment 
temperatures. Compression and tension specimens were tested using the two- 
axis LVDT instrumentation system described in Section 4.1.2 for the short- 
column screening test. Cyclic test specimens were subjected to design limit 
load values (ultimate/l.4) in both tension and compression modes, except that, 
where the ratio of limit tension to limit compression loads exceeded 2.5, the 
applied tension loads were reduced to maintain this maximum ratio. Cyclic 
loads were applied at a 10-cps rate for each of these tests. The facilities, 
instrumentation, test operations, and results pertaining to the full-scale 
strut tests are described and discussed in this section. 

6.1 FACILITY DESCRIPTION 

6.1.1 Dynamic Test Machine 

An MTS Corporation shaker system, with a maximum rated capacity of 60,000 lbf 
(266,900 N) in tension, compression, or cyclic loads was used to perform the 
Task 4 strut tests. The system is located within the Cryogenic Test Compex 
at Lockheed's Santa Cruz Test Base. An aerial view of the complex is shown 
in Fig. 6-1. Specific areas of the complex which are pertinent to the pro- 
gram include (l) the Test Pad area where the MTS shaker system is located, 

(2) the Control and Instrumentation Building which houses the control and 
data-acquisition equipment, and (3) the Pressurant and Cryogen Storage Area. 
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Cryogenic Test Complex 






The 60,000-lbf (266,900-N) shaker system consists of a hydraulic power supply 
and two 30,000-lbf (133>400-N) hydraulic actuator heads. The actuator heads 
are shown in Fig. 6-2 with a typical strut of the III-3 configuration set up 
for test. The liquid nitrogen container used to maintain the lower end of 
the strut at 14 o°R (j8°K) during the test, and the LVDT transducers used to 
obtain deflection measurements under load, can be seen in this photograph. 

A schematic of the MTS dynamic test system is presented in Fig. 6-3. Tension, 
compression, and cyclic loads were programmed for application at predeter- 
mined constant rates using a deflection- feedback control mode. Limits of 
the system are shown in Fig. 6-4. In this figure, maximum attainable peak- 
to-peak displacement is plotted as a function of frequency for operation with 
either one or two of the actuator heads. As shown, the system capability is 
limited by a maximum peak-to-peak displacement of 2 in. ( 5.08 cm) and by a 
maximum crosshead velocity of 30 in. /sec (76 cm/sec). The crosshead velocity 
limit depends on hydraulic pumping capacity and could be increased by in- 
creasing the size of the pumping system. 

During the Task 4 test program, the MTS system was operated with two actua- 
tors, since true axial loading was desired. Inspection of Fig. 6-4 shows 
that, for this operational mode, the maximum cyclic load frequency that can 
be achieved with the maximum peak-to-peak displacement of the crosshead is 
approximately 3 hz. For a typical strut test where the displacement re- 
quired to achieve the desired load is 0.48 in. (1.22 cm), the maximum attain- 
able frequency is approximately 10.7 hz. 

6.1.2 Instrumentation and Data Acquisition Equipment 

In the Task 4 tests, the same linear variable differential transformers 
(LVDTs) which had been used previously in the Task 2 program (Ref Section 
4.1.2) were again vised to obtain specimen deflections over a 3»5-in. ( 8 . 89 -cm) 
gage length centered about the midspan location. These transducers were in- 
stalled using the same special clamps and attachment techniques which were 
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Fig. 6-2 Typical Test Setup 
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Fig. 6-3 Schematic of the Dynamic Test System 
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Maximum Displacement-Frequency Characteristics of the MTS Test System 






used in Task 2. However, deflection measurements were obtained for the ten- 
sion and compression test specimens only, since the sensors and the mounting 
system were not sui table for use under dynamic loading conditions, and since 
these measurements were not required for the cyclic load specimens. 

In addition to specimen deflection measurements, applied load and crosshead 
travel data were also measured using transducers built into the MTS shaker 
system (Ref Fig. 6-3). 

Output signals from the LVDT, applied load, and crosshead travel instrumenta- 
tion transducers were fed through signal conditioners and amplifiers to 
Moseley Model 7100 B strip chart recorders. Continuous data records were 
obtained on the strip charts for each of these three functions. 


6.2 STRUCTURAL TESTING 

Prior to initiation of the Task 4 test program, each of the strut specimens 
was measured to determine the direction and magnitude of any manufacturing 
eccentricity that existed between the center of the strut cross-section at 
midspan and the true reference centerline. Initially, cross-section outside 
diameters were measured at four midspan locations, spaced at 45° intervals, 
using a micrometer. The strut was then supported on a flat reference table 
with the end fittings placed in identical V-blocks. The distance between 
the highest point on the cross-section and the reference table surface, for 
each 45° of strut rotation, was measured using a height gage. The distance 
from the cross-section centerline to the reference table was then calculated 
by subtracting half of the measured outside diameter at that location from the 
measured height. These data were plotted as a function of interval angle 
to determine the direction, and magnitude of any existing eccentricity. The 
locations determined in this manner were then marked on the outer surface of 
each strut and used to locate and install the LVDT instrumentation. 
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An analysis was conducted to determine the effect of the measured eccentri- 
cities on predicted ultimate column buckling loads. Results of the analysis 
are summarized in Table 6-1. 


Table 6-1 

SUMMARY OF MEASURED ECCHTTRICITIES AND PREDICTED 
ULTIMATE COMPRESSION LOADS FOR TASK 4 STRUT SPECIMENS 


Configuration No. 

m-i 

m-2 

III-3 

Configuration 

Description 

Predicted Nominal* 

Monocoque 

Cylinder 

Monocoque 

Cylinder 

Monocoque 

Ogive 

Ult Comp Load, lbf (N) 

Measured Eccentricity, e, 
in. (cm) and Predicted 
Ult Comp Load, P c , lbf (N): 

2900 (12900) 

6430 (28600) 

4600 (20460) 

Specimen A, e 

p c 

0.078 (0.198) 
2135 (9495) 

0.018 (0.046) 
5375 (23910) 

0.038 (O.097) 
3825 (17010) 

Specimen B, e 
P C 

0.053 (0.135) 
2250 (10010) 

0.019 (0.048) 
5350 (23800) 

0.034 (O.086) 
3920 (17440) 

Specimen C, e 

p c 

0.058 (0.147) 
2220 (9875) 

0.006 (0.015) 
5874 (26130) 

0.032 (0.081) 
3940 (17530) 

Specimen D, e 
P c 

0.005 (0.013) 
2795 (12^30) 

0.004 (0.010) 

6005 (26710) 

0.019 (0.048) 
4120 (18330) 

Specimen E, e 

p c 

0.037 (0.094) 
2375 (10560) 

0.018 (0.046) 
5375 (23910) 

0.024 (0.061) 
4o4o (17970) 

Specimen F, e 

p c 

0.037 (0.094) 
2375 (10560) 

0.009 (0.023) 
5710 (25400) 

0.065 (O.165) 
3625 (16120) 

Specimen 6, e 

p c 

0.038 (0.097) 

2365 (10520) 

0.003 (0.008) 
6080 (27040) 

0.062 (0.157) 
3670 (16320) 

Specimen H, e 

p c 

0.062 (0.157) 
2195 (9765) 

0.010 (0.025) 
5655 (25150) 

0.009 (0.023) 
4315 (19190) 


* Assuming zero eccentricity 
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6.2.1 


Static Tension-Compression Tests 


During the static tension and compression tests conducted in Task k, data 
were measured and recorded continuously for applied load, crosshead travel, 
and average strain over the 3*5-in. ( 8 . 89 -cm) gage length. The lower end 
fitting of each specimen tested was immersed in liquid nitrogen throughout 
the test duration. A linear controlled rate program was used to apply the 
axial tension or compression load until failure occurred. 

Two specimens each of strut configurations III-l, III -2, and III-3 were 
tested to failure in tension. No data were obtained for two additional ten- 
sile-test specimens of the HI-2 design when the test machine servo system 
malfunctioned causing tilting of the crosshead and destruction of the speci- 
mens. Hie two typical types of failure observed for testing in this mode 
are illustrated in Figs. 6-5 and 6 - 6 , respectively, for specimens III-1A 
and III-3F. Failure occurred due to fracture of the longo fibers near the 
upper LVDT mounting point for specimen III-1A. Stress concentrations due 
to the mounting screws may have initiated this failure; however, the failure 
load exceeded that predicted by approximately 2 percent (see Section 6.2.3) • 
As shown in Fig. 6 - 6 , the failure of specimen IH-3F was typical of those for 
the III-2 and III-3 designs. In these tests, the initial failure occurred in 
tensile fracture of the longo fibers where they wrapped around the warm end 
fitting. Additional damage then occurred at several points along the length 
of the strut during compressive rebound after the initial tensile fracture 
had occurred. 

In the compression test mode, three specimens each of the in-1 and HI-3 
configurations and two specimens of the III -2 configuration were tested to 
failure. Results for one of the III-l specimens were questionable due to an 
uncertainty of the load value recorded subsequent to chilldown and prior to 
initiation of the test (see Section 6.2.3)* Compression failures for all of 
the specimens tested in this mode were similar to that shown in Fig. 6-7 for 
specimen III-2B where local crushing of the composite material occurred near 
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Fig. 6-5 Specimen III-1A After Failure in Tension 
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Fig. 6-6 Specimen III-3F After Failure in Tension 
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midspan. Classic diamond-pattern crippling failures were not observed for 
any of the compressive test specimens. 

6.2.2 Cyclic Tests 

The specimens to be tested in cyclic loading were installed in the te3t 
machine without the LVDT transducers, since strain measurements were not re- 
quired for these tests. During each of the tests, data on applied load and 
crosshead travel were measured and recorded continuously. As in the case 
of the static test specimens, liquid nitrogen was used to immerse the lower 
end fitting of each strut to simulate the design environment temperature. 
Loads were applied in a sine-wave pattern at a constant cycle rate of 10 hz 
until failure occurred. 

Two specimens each of the III-l, III-2, and III-3 strut configurations were 
tested to failure under cyclic loading. Typically, failures in this test 
mode occurred due to initial tensile fracture of the longo rovings at the 
warm end fitting, followed by damage at other points along the strut due to 
compressive rebound or to application of the next compressive load cycle. 

This is illustrated by the photograph of specimen IH-3D shown in Fig. 6-8. 

6.2.3 Test Results and Analysis 

A summary of the test mode, predicted ultimate load, failure load, failure 
margin, and the number of load cycles applied prior to failure is presented 
in Table 6-2 for all of the Task h tests. Inspection of these data shows 
that the failure loads were generally within ± 15 percent of those predicted. 
In two cases where the failure margin was outside of this scatter band, the 
actual loads achieved exceeded those predicted by 17.7 percent and 25.4 per- 
cent. No failures occurred near the cold end of the strut, and none occurred 
in either the internal titanium end fittings or in the rod-end fittings. 

Photographs showing the specimens of the IH-1, III-2, and III-3 strut 
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Table 6-2 

SUMMARY OF TASK 4 FIBERGLASS STRUT TEST RESULTS 


Specimen 

No. 

Test 

Mode 

Predicted 
Ult Load, P p 

lbf (N) 

Failure 
Load, P p 

lbf (N) 

Margin 

.00(Pp/P p -l) 

percent 

No. of 

Cycles 

at 

Failure 

III-1A 

Tension 

jy ' 

7780 (34,610) 

+1.6 

1 

III-1H 

Tension 


8 o 4 o (35,760) 

+5.0 

1 

III-1D 

Comp 


3290 (14,630) 

+17.7 

1 

III-1E 

Comp 

2375 (10,560) 

2680 ^ (11,920) 

+12. 8^ 

1 

III-1G 

Comp 

2365 (10,520) 

2600 (11,560) 

+9.9 

1 

III-1B 

Cyclic 

2250C/7660T 

(10,010C/3^,070T) 

1910C/3870T 

(8495C/17,210T) 

(N.A.) 

209 

m-ic 

Cyclic 

2220C/7660T 

(9875C/34,070T) 

1600C/398OT 

(7115C/17,700T) 

(N.A.) 

283 

m-2E 

Tension 

14,320 (63,700) 

12,960 (57,650) 


1 

III-2G 

Tension 

14,320 (63,700) 

13,790 (61,340) 


1 

III-2A 

Comp 

5375 (23,910) 

6740 (29,980) 


1 

III-2B 

Comp 

5350 (23,800) 

5950 (26,470) 


1 

III-2C 

Cyclic 

5875C/14320T 
(26,1300/63, 700T) 

4500C/l0,030T 

(20,020C/44,610T) 

(N.A.) 

210 

III-2D 

Cyclic 

6005C/l4,320T 

(26,710C/63,700T) 

436oc/io,o8ot 
19, 390C/ 44 , 84ot) 

(N.A.) 

207 

III-3F 

Tension 

16,010 (71,210) 

15,350 (68,280) 

-4.1 

1 

III-3G 

Tension 

16,010 (71,210) 

15,625 (69,500) 

-2.4 

1 

III-3A 

Comp 

3825 (17,010) 

3950 (17,570) 

+3-3 

1 

III-3B 

Comp 

3920 (17,440) 

4450 (19,790) 

+13.5 

1 

III-3C 

Comp 

3940 (17,530) 

3720 (16,550) 

-5.6 

1 

III-3D 

Cyclic 

4l20C/ l6 , 010T 
(18,330C/71,210T) 

3020 C/ 7545 T 
( 13 , 430c/ 33560T) 

(N.A. ) 

2509 

III-3E 

Cyclic 

4o4oc/i6,oiot 

( 17 , 970C/ 71 ,210T) 

2940C/7150T 

(13,080C/31,800T) 

(N.A.) 

5761 


(l) Data shovn is uncertain due to poor strip chart record 
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configurations, respectively, after the tests were completed are presented 
in Figs. 6-9, 6-10, and 6-11. Specimens III-2E and III-2F are not shown, 
since they were unavailable at the time this photograph was taken. Also, 
specimens III -ID, III-2G, and III-3H had not been tested at this time. 

Data on average stress and strain were determined by analysis of the load- 
deflection data records for typical Task U tension and compression specimens. 
Ihese data were plotted and are presented in Figs. 6-12, 6-13, and 6-l4, 
respectively, for struts of configurations IH-1, III-2, and III- 3. The 
stress values shown were determined using the total nominal cross-sectional 
composite area for each specimen. Avenge strain values were determined 
over the gage length used by dividing total deflection by 3*5 in. (8.89 cm). 
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Fig. 6-9 Specimens of Configuration III-l After Testing to Failure 
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Fig. 6-11 Specimens of Configuration I II- 3 After Testing to Failure 
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Compression Specimen III-1D 


Compression Specimen III-1G 


Fig. 6-12 Stress-Strain Curves for Typical Specimens of Strut 
Configuration III-l 
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Section 7 


TASK 5 - POST-TEST INSPECTION AND DATA CORRELATION 

Strut specimens fabricated under Tfcsks 2 and 3 of the program were subjected 
to extensive pre-test and post-test laboratory analyses in Task In these 
analyses, weight data, dimensional measurements , composite density, weight and 
volume fractions of the glass and resin, and void volume fractions were deter- 
mined. In addition, values of elastic modulus and isotropic crippling co- 
efficient were computed from results of the Task 2 short-column tests. The 
elastic modulus values were then used to revise and update the parametric 
column buckling design curves developed during the Task 1 structural analysis 
(Ref Figs. 3-37 through 3~b2) . Values of isotropic crippling coefficient 
were summarized for use in future preliminary design studies or for compari- 
son with those obtained from other sources. However, the crippling cutoff 
curves obtained from the orthotropic computer analysis conducted in Task 1 
were retained in Figs. 3-37 through 3-**2 for use in the final design of Task 
b test specimens and for future detailed design studies since it was shown 
that better correlations could be obtained in this manner (Ref Section 3.). 
Finally in the Task 5 laboratory analysis and evaluation, representative 
photomicrographs of the cross-sections of failed strut specimens were ob- 
tained to inspect the distribution of fiber, resin, and voids, and cyclic- 
load data were analyzed and plotted to determine fatigue-life characteristics 
for each candidate design. 

As a second part of the Task 5 work, a complete review of current fiberglass 
strut technology was conducted. In this review, thermal and mechanical proper- 
ty data were compiled, a recommended design approach was developed, other system 
concepts were evaluated, and a comparison was made of system performance for 
fiberglass struts with that for titanium struts of equal length and load capa- 
bility. 

Details and results of the Task 5 activities are presented and discussed in 
this section. 
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7.1 


LABORATORY AHALYSIS AND EVALUATION 


7.1.1 Task 2 Test Specimens 

Early in Task 5, a laboratory analysis vas conducted to evaluate critical 
manufacturing parameters for the Task 2 short column test specimens. Bach 
strut specimen was weighed immediately following completion of the winding 
operation and again after the fiberglass curing operation. The composite 
material, internal titanium end fittings, compression caps, lock nuts, and 
washers for the full-size strut (prior to cut-out of the short column speci- 
men) were included in these weights. Rod-end fitting and core insulation 
weights were not included. These weight data, in addition to weights of the 
prepreg supply spool prior to and following completion of the winding, were 
used to calculate total composite weight and the volatile content of the 
resin. 

In addition to the weight data, measurements of strut body length were also 
obtained. Subsequently, the short column test specimens were cut from the 
full-size struts. Measurements of outside diameter for two locations at 90° 
intervals, and measurements of wall thickness for eight locations at ^5° 
intervals were obtained. 

Following completion of the short-column compression tests, a small sample 
of the composite material was cut from each specimen near the failure point. 
Bach sample was weighed and its volume was determined using a gravimetric 
technique. Composite density values were computed from the sample weights 
and volumes. Subsequently, the samples were placed in an oven and maintained 
at approximately 1000° F (538°C) for 16 hours to completely burn away the 
resin. The resin weight fraction, resin volume fraction, and total fiber 
volume fraction were then determined from ignition weight losses and the 
densities of the resin and fiber components. Longo and circ fiber volume 
fractions were computed from the weights of each and the fiber density. 
Finally, void volume fraction .of the original composite was determined as 
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the difference between unity and the sum of the resin and total fiber volume 
fractions . 

Results of the laboratory analysis performed for the Task 2 strut specimens 
are presented in Tables 7-1 through 7-4. Inspection of these data shows 
that length and outside diameter values achieved were within ± 1.5 percent 
of the design nominal values. On the other hand, variations in wall thick- 
ness were much greater, ranging from -8 to +29 percent of the design values. 
Maximum scatter for total assembly weight, composite weight, and composite 
density was within ±4 percent of the average values obtained. Finally, 
weight and volume fractions of the resin and fiber components were found to 
be within ±9 percent of the design nominal values, and the void volume frac- 
tion values ranged from 0 to +6 percent for all but one specimen that con- 
tained 9.1 percent voids by volume. 

An analysis of the short-column test results obtained in Task 2 was conducted 
in Task 5 to determine compressive stress values at failure, experimental 
elastic modulus values, and experimental crippling coefficients. The com- 
pressive stress values were determined simply by dividing the failure loads 
by the nominal total composite area. Elastic modulus values were determined 
graphically by evaluating the slope of the stress-strain curves (Ref Section 
4.2.2) at zero load. Experimental values of the isotropic crippling co- 
efficient were then obtained using the relationship given by 

K „ ■ p A, A c . W (7 - 1) 

A summary of the compressive stress, elastic modulus, and isotropic crippling 

coefficient values calculated in Task 5 is presented in Table 7-5. As shown, 

8 2 

compressive failure stress values ranged from 60.9 ksi (4.20 x 10 ll/m ) to 

8 2 

67.5 ksi (4.65 x 10 U/m ) for monocoque specimens of configurations II- 1, 
II-2, and II-4 (excluding specimens X-17-23-2 and X-17-23-3 vhich failed 
prematurely due to inadequate moment control and pretest damage, respectively) 
The scatter of compressive failure stresses achieved was much greater for 
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Table 7-1 


RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION II-l TEST SPECIMENS 


Specimen No. 

X-17-23-1 

X-17-23-2 

X-17-23-3 

Average 

Nam Outside Dia, 
in. (cm) 

1.5 (3.81) 

1.5 (3.81) 

1.5 (3.81) 

1.5 (3.81) 

Ncm Wall Thick- 
ness , mil (mm) 

24 (0.61) 

24 (0.6l) 

24 (0.6l) 

24 (0.61) 

Meas Length, 
in . (cm) 

21.52(54.66) 

21.44(54.46) 

21.53(54.69) 

21.50(54.61) 

Meas Outside 
Dia, in. (cm) 

1.51(3.84) 

1.52(3.86) 

1.52(3.86) 

1.517(3.85) 

Meas Wall Thick- 
ness, mil (mm) 

31 (0.79) 

30 (0.76) 

18.5 (0.47)* 

26.5 (0.67) 

30.5(0.775) 

Total Strut 
Weight, lhm(kg) 

0.948(0.430) 

0.933(0.423) 

0.926(0.420) 

0.935(0.424) 

Composite 
Weight, percent 

30.0 

29.6 

31.6 

30.4 

Composite Den- 
sity, lbm/in.3 

(gm/cm^) 

0.0712(1.97) 

0.0683(1.89) 


0.0697(1.93) 

Resin Weight 
Fraction, 
percent 

19.9 

19.2 

. 

19.55 

Resin Vol Frac- 
tion,percent 

32.4 

29.8 

- 

31.1 

Longo Fiber Vol 
Fraction, 
percent 

26. 4 

26.9 


26.65 

Circ Fiber Vol 
Fraction, 
percent 

36.8 

34.2 


35.5 

Total Fiber Vol 
Fraction, 
percent 

63.2 

6l.l 

_ 

62.15 

Void Vol Frac- 
tion, percent 

4.4 

1 

9.1 


6.75 


* Wall thickness with inner circ partially unraveled 
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Table 7-2 

RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION II-2 TEST SPECIMENS 


Specimen No. 

X-14-16-A1 

X-14-16-A2 

X-14-16-A3 

Average 

Nom Outside Ola, 
In. (cm) 

1.5 (3.8l) 

1.5 ( 3 . 81 ) 

1.5 (3.8l) 

1.5 (3.81) 

Nom Wall Thick- 
ness, mil (mm) 

30 (0.76) 

30 ( 0 . 76 ) 

30 (0.76) 

30 (0.76) 

Meas Length, 
in. (cm) 

15.80(40.13) 

15.75(40.01) 

15.74(39.98) 

15.76(40.03) 

Meas Outside 
Dla, In. (cm) 

1.51(3.84) 

1.50(3.81) 

1.50(3.81) 

1.503(3.818) 

Meas Wall Thick- 
ness, mil (mm) 

32 ( 0 . 81 ) 

33 (0.84) 

34 (0.86) 

33.0(0.840) 

Total Strut 
Weight, lbm(kg) 

0.871(0.395) 

0.860(0.390) 

0.860(0.390) 

0.864(0.392) 

Composite 
Weight, percent 

27.0 

25.8 

26.2 

26.33 

Composite Den- 
sity, lbm/in.3 

(kg/cm3) 

0.0705(1.95) 

0.0697(1.93) 

0.0715(1.98) 

0.0706(1.953) 

Resin Weight 
Fraction, 
percent 

24.2 

24.4 

23.8 

24.13 

Resin Vol Frac- 
tion, percent 

39.1 

38.8 

39.2 

39.03 

Lon go Fiber Vol 
Fraction, 
percent 

40,4 

39.6 

36.4 

38.8 

Circ Fiber Vol 
Fraction, 
percent 

19.1 

18.7 

23.9 

20.57 

Total Fiber Vol 
Fraction, 
percent 

59.5 

58.3 

60.3 

59.37 

Void Vol Frac- 
tion, percent 

1.4 

2.9 

0.5 

1.6 
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Table 7-3 


RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION II- 3 TEST SPECIMENS 


Specimen No. 

X-14-20-B4 

X-14-20-B5 

X-17-24-1 

Average 

Nom Outside Dia, 
in. (cm) 

1 . 488 ( 3 . 78 ) 

1 . 488 ( 3 . 78 ) 

1 . 488 ( 3 - 78 ) 

1 . 488 ( 3 . 78 ) 

Nom Wall Thick- 
ness, mil (mm) 

24 (0.61) 

24 (0.61) 

24 (0.6l) 

24 (0.61) 

Meas Length, 
in. (cm) 

15.80(40.13) 

15.80(40.13) 

15.80(40.13) 

15.80(40.13) 

Meas Outside 
Dia, in. (cm) 

1.50(3.81) 

1.50(3.81) 

1.50(3.81) 

1.500(3.810) 

Meas Wall Thick- 
ness, mil (mm) 

24 (0.61) 

22 (0.56) 

28 (0.71) 

24.7(0.627) 

Total Strut 
Weight, lbm(kg) 

0.864(0.392) 

0.860(0.390) 

0.860(0.390) 

0.862(0.391) 

Composite 
Weight, percent 

26.7 

26.7 

26.7 

26.7 

Composite Den- 
sity, lbm/in. 
(gra/cm 3 ) 

0.0719(1.99) 

0.0730(2.02) 

0.0723(2.00) 

0.0724(2.003) 

Resin Weight 
Fraction, 
percent 

19.8 

22.6 

22.6 

21.67 

Resin Vol Frac- 
tion, percent 

30.6 

35.9 

36.4 

34.3 

Longo Fiber Vol 
Fraction, 
percent 

43.7 

40.3 

32.2 

38.73 

Circ Fiber Vol 
Fraction , 
percent 

20.2 

18.5 

26.1 

21.6 

Total Fiber Vol 
Fraction, 
percent 

63.9 

58.8 

58.3 

60.33 

Void Vol Frac- 
tion, percent 

5.5 

5.3 

5.3 

5.37 
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Table 7-4 

RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION II-4 TEST SPECIMENS 


Specimen No. 

X-17-22-1 

X-17-22-2 

X-17-22-3 

Average 

Nom Mldspan Die, 
in. (cm) 

2.5 (6.35) 

2.5 (6.35) 

2.5 (6.35) 

2.5 (6.35) 

Nom Wall Thick- 
ness, mil (mm) 

36 (0.91) 

36 (0.91) 

36 (0.91) 

36 (0.91) 

Meas Length, 
In. (cm) 

31.68(80.47) 

31.70(80.52) 

31 . 69 ( 80 . 49 ) 

31.69(80.49) 

Meas Midspan 
Dla, In. (cm) 

2 . 51 ( 6 . 38 ) 

2 . 51 ( 6 . 38 ) 

2.50(6.35) 

2.507(6.368) 

Meas Wall Thick* 
ness, rail (mm) 

43 (1.09) 

43 (1.09) 

42 (I. 07 ) 

42.7(1.08) 

Total Strut 
Weight, lhm(kg) 

2 . 383 ( 1 . 081 ) 

2.348(1.065) 

2.372(1.076) 

2.368(1.074) 

Composite 
Weight, percent 

31.5 

30.6 

29.5 

30.53 

Composite Den- 
sity, lbm/in.3 

(gm/cm^) 

0.0744(2.06) 

0.0744(2.06) 

0 . 0726 ( 2 . 01 ) 

0.0738(2.043) 

Resin Weight 
Fraction, 
percent 

18.7 

17.7 

19.7 

18.7 

Resin Vol Frac- 
tion, percent 

31.8 

30.2 

32.8 

31.6 

Longo Fiber Vol 
Fraction, 
percent 

38.7 

39.3 

37.5 

38.5 

Circ Fiber Vol 
Fraction, 
percent 

28.3 

28.8 

27.4 

28.17 

Total Fiber Vol 
Fraction, 
percent 

67.0 

68.1 

64.9 

66.67 

Void Vol Frac- 
tion, percent 

1.2 

1.7 

2.3 

’ 1.73 
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Table 7-5 


SUMMARY OF COMPRESSIVE STRESS, ELASTIC MODULUS, AMD CRIPPLING 
COEFFICIENT VALUES FROM TASK 2 SHORT-COLUMN TESTS 


Configuration 
and Specimen 
Numbers 

Failure 
Load, P p 

lbf (N) 

i Failure 

Stress, f 
c 

Xsi(N/m 2 xlO"®) 

Elastic 

Modulus, E 
r cm 

psixlO’ 

(N/m2xl0- 10 ) 

Isotropic 

Crippling 

Coefficient, 

K e 

Config II-l: 
X-17-23-1 
X- 17 -2 3-2 
X- 17 -2 3-3 

Average 

6630(29,490) 

3420(15,210) 

2270 ( 10 , 100 ) 

6630 ^^ (29,490) 

64.5 (4.45) 
33.3 ( 2 . 29 ) 

28.6 (1.97) 

64.5 (1) (4.45) 

6.63 (4.57) 
6.32 (4.36) 

6.47 (4.46) 

0.299 

0.162 

0.299^ 

Config II-2 : 
X-14-16-A1 
X-14-16-A2 
X-14-16-A3 

Average 

8630 ( 38 , 390 ) 

8550 ( 38 , 030 ) 

8670 ( 38 , 560 ) 

67.2 (4.63) 

66.5 (4.59) 

67.5 (4.65) 

67.1 (4.62) 

6.69 (4.6l) 
7.01 (4.83) 
6.69 (4.6l) 

6.80 ( 4 . 69 ) 

0.246 

0.233 

0.247 

0.242 

Config II-3: 
X-14-20-B4 
X-14-20-B5 
X-17-24-1 

Average 

9650 (^, 920 ) 

6100(27,130) 

7270(32,340) 

67.6 (4.66) 

42.7 (2.95) 
50.9 (3.51) 

53.7 (3.70) 

7.05 (4.86) 
6.31 (4.35) 
6.26 (4.32) 

6.54 (4.51) 

a 

Config II -4: 
X- 17-22-1 
X- 17-22 -2 
X- 17-22-3 

Average 

16,100(71,610) 
16,300 72,500) 
16,450(73,170) 

60.9 ( 4 . 20 ) 
61.7 (4.25) 
62.3 ( 4 . 29 ) 

61.6 (4.25) 

7.64 ( 5 . 27 ) 
7.64 ( 5 . 27 ) 
7.64 ( 5 . 27 ) 

7.64 ( 5 . 27 ) 

0.273 

0.276 

0.279 

0.276 


(l) Based on results for specimen no. X-17-23-1 only 
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stiffened specimens of configuration H-3> ranging from 42.7 ksi (2.95 x 
10® N/m 2 ) to 67.6 ksi (4.66 x 10® N/m 2 ). Average elastic modulus values 
exhibited by the Task 2 specimens varied from 6.47 x 10® psi (4.46 x 10 10 N/m 2 ) 
for an A^ g /Acg ratio of 1.0 to 7.64 x 10® psi (5*27 x 10^° N/m 2 ) for an 
A lgAcg ratio of 2.0. Finally, the average isotropic crippling coefficient 
values determined for the Task 2 specimens ranged from 0.242 for configura- 
tion n-2 specimens to 0.299 for specimens of the H-l configuration. 

7.1.2 Task 4 Test Specimens 

The full-scale strut specimens fabricated in Task 3 and tested in Task 4 were 
also analyzed under Task 5 to evaluate weight, volume, and dimensional data. 
Measurements of total weight and dimensions for each specimen were obtained 
prior to the Task 4 tests, while the remaining measurements were determined 
from the post-test laboratory analysis. The methods used to obtain these 
data for all manufacturing parameters were similar to those described in 
Section 7*1.1 for the analysis of Task 2 specimens. 

Results of the laboratory analysis for the Task 4 strut specimens are pre- 
sented in Tables 7-6 through 7-8. Inspection of these data shows that manu- 
facturing reproducibility was generally the same for the Task 4 specimens as 
had been observed earlier for the specimens of Task 2. For these full-scale 
specimens, measurements of strut length were not obtained since it was obvious 
from the results of the analysis conducted for the Task 2 specimens that the 
small variations encountered could easily be eliminated by adjustment of the 
rod-end fittings. Values of outside diameter were measured and were found to 
fall consistently below the nominal design values within the range of -0.1 to 
-1.6 percent. Wall thickness values for all Task 4 specimens also were found 
to be lower than the nominal design values, ranging from -20 to -5 percent 
less than the nominals. The scatter observed for particular values of total 
strut weight, composite weight, and composite density, compared to average 
values of these parameters for all eight specimens of a given design, was 
generally within ±3 percent, although the composite density for three of the 
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Table 7-6 


RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION III-l 

TEST SPECIMENS 


Specimen lo. 

III-1A 

j 

III -IB | 

III-1C 

III-1D 

III-1B 

ni-iF 

III-10 

III-1H 

Average 

Nam Outside Dia, 
In. (cm) 

m 



Ml 


m 


Hi 

G^isi 



2l* .0 | 

(61.0) j 

21*. 0 
(61.0) 

24.0 

(61.0) 

24.0 

(61.0) 

24.0 

(61.0) 

24.0 

(61.0) 

24.0 

(61.0) 

24.0 

(61.0) 

No. of Longo Rovings 

146 

146 i 

I 

11*6 

146 

146 

146 

lk6 

lk6 

146 

Rom Wall Thickness, 
mil (mm) 

20 

(0.51) 



20 

(0.51) 

20 

(0.51) 

20 

(0.51) 

20 

(0.51) 

20 

(0.51) 

20 

(0.51) 

Non Longo Thickness, 
mil (mm) 

6 

i (0.20) 

8 

(0.20) 

8 

(0.20) 

8 

(0.20) 

8 

(0.20) 

8 

(0.20) 

8 

(0.20) 

8 

(0.20) 

8 

(0.20) 

Rom Clrc Thickness (ga 
Wrap), mil (oe>) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(n.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

Mesa Outside Dla, 

in. (cm) (1) 


1.1*88 

(3.760) 

1.1*88 

(3.780) 

1.484 

(3.769) 

1.484 

(3.769) 

1.482 

(3-764) 

1.488 

(3.780) 

1.488 

(3.780) 

1.486 

(3-774) 

Meas Wall Thlckneas, 

mil (ran) (2) 

19 

(0.t8) 

18 

(0.46) 

17 

(0.1.3) 

17 

(0.43) 

16 

(0.41) 

17 

(0.43) 

16 

(0.41) 

16 

(0.41) 

17.0 

(0.432) 

Total Strut Weight, 

Ibm (kg) (3) 

0.886 

(0.1*02) 

0.886 

(0.1*02) 

0.886 

(0.1*02) 

0.884 

(0.401) 

m 

0.886 

(0.402) 

0.884 

(0.401) 

11 

0.883 

(0.401) 

Composite Weight, 

percent (k) 

27.2 

27.1 

26.9 

27.0 

26.4 

27.0 

26.7 

26.1 

26.8 

Composite Density. 
lbm/in.3 (gm/em*) 

mjjy | 

0.0723 

(2.00) 

0.0723 

(2.00) 

mm 

0.0665 

(1.84) 

0.0748 

(2.07) 

0.0737 

(2-04) 

0.065B 

(1.82) 

0.0715 

(1.98) 

Resin Weight Fraction, 

percent (5) 

19.5 

19.«* 

18.4 

18.8 

17.5 

18.5 

IT. 6 

18.0 

18.5 

Resin Volume Fraction, 

percent (5) 

33- 4 

33- *► 

29.0 

31.0 

25.8 

32-1 

28.6 

27.3 

30.1 

Longo Fiber Vol Fraction, 
percent (6) 

27.3 

25.6 

24.8 

27.6 

26.5 

28.3 

29.0 

26.1 

26.9 

Circ Fiber Vol Fraction, 
percent (6) 

39-3 

37.7 

39-7 

37.9 

34.8 

39.6 

38.9 

3L5 

37.8 

Total Fiber Vol Fraction, 
percent (6) 

66.6 

63.3 

64.5 

65.5 

61.3 

67.9 

8T-9 

60.6 

64. T 

Void Vol Fraction, 

parcent (7) 

l*egl 

3-3 

6.5 

3-5 

12.9 

Fegl 

3-5 

12.1 

5.2 


Notes t 


(1) Av of k measurements at 1*5* Intervals 

(2) A v of 8 measurements at 1*5* Intervals 

(3) Includes encapsulated fittings, compression caps, lock nuts, and 
washers (excludes rod-end hardware) 

(k) Excludes all metal parts 

(5) Values calculated from ignition loss determination 

(6) Values calculated from weights of longo and circ glass after 
ignition loss evaluation 

(7) Values calculated as 100 percent less the sum of the resin 
and total fiber volume fractions 
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Table 7-7 


RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION III-2 

TEST SPECIMENS 


Specimen No. 

| m-2A 

HI-2B 

1 

1 I1I-2C 

IXI-2D 

III-2E 

m-2f 

111-20 

m- 2 H 

Arersge 

How Outside Die, 
In . ( cm) 

1.5 

(3.81) 



1-5 

(3-81) 

1.5 

(3.81) 

1.5 

(3.8i) 

1.5 

(3.81) 

HI 

1.5 

(3.81) 

Ron Length, 
In. (cm) 

19.0 

(1*8.3) 

19.0 

(>*8.3) 

I 19.0 

| (48.3) 

19.0 

(48.3) 

19.0 

(48.3) 

19.0 

(48.3) 

19.0 

(48.3) 

19.0 

(48.3) 

19.0 

(48.3) 

Ro. of Longo Borings 

27 1 * 

■ 

27** 

j 274 

274 

274 

274 

274 

274 

274 

How Wall Thickness, 
mil (m») 

27 

(O. 69 ) 



27 

(O. 69 ) 

27 

( 0 . 69 ) 

27 

(0.69) 

27 

( 0 . 69 ) 

27 

(0.69) 

27 

(0.69) 

How Longo Thickness, 
all (mm) 

15 

( 0 . 38 ) 



15 

( 0 . 38 ) 

15 

( 0 . 38 ) 

15 

(0.38) 

15 

(0.38) 

15 

(0.38) 

15 

(0.38) 

Mow Circ Thickness (Ea 
Wrap) mil (ntm) 

(0.15) 

6 1 
(0.15) 

1 6 
1 ( 0 . 15 ) 

6 j 

( 0 . 15 ) ' 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

Mess Outside Die, 

In. (cm) (1) 

1 . 1.90 

(3-785) 



1.493 

(3-790) 

B .li 

1.498 

(3.805) 

1.490 

(3.785) 

■sin 

1.493 

(3.792) 

Mesa Wall Thickness, 

mil (wn) (2) 

22 

(0. 56) 


23 

( 0 . 58 ) 

23 

(0.58) 

2 h 

(0.61) 

25 

(0.64) 


m 

23.4 

(0.594) 

Tot.nl atrut weight, 

lh"> (*R) ( 3 ) 

0.990 

(0.***»9) 



o.onn 

(0.4I.B) 

0.99? 

(0.**50) 

0.90ft 

( 0 . 452 ) 

0.992 

( 0 . 450 ) 

0.996 

(0.452) 

0,99? 

( 0 . 1 . 50 ) 

Composite Weight, 

percent (4) 

22.2 

22.0 

21.8 

21.9 

22.2 

22.3 

22.5 

22.6 

22.2 

Composite Density 
lbm/ln.3 (gm/cm3) 

0.0723 

( 2 . 00 ) 

0.0733 
(a. 03) 

0.0733 

(2.03) 

0.0723 

(2.00) 

0.0744 

( 2 . 06 ) 

0.0730 
(2.0 2 ) 

0.0708 

(1-96) 

0.0715 

d. 98 ) 

0.0726 

(2.01) 

Resin Weight Fraction, 

percent (5) 

17.3 

18.0 

16.2 

18.2 

18.7 

19.2 

| 

18.7 

17.9 

18.0 

Resin Volume Fraction, 

percent (5) 

27.8 

30.0 

27.5 

29.6 

30.3 

31.3 

31.3 

28.6 

29.6 

Longo Fiber Vol Fraction, 
percent (6) 

37.5 

37.o 

1 

36.3 

37.7 

35.7 

35.7 

35.2 

36.5 

Circ Fiber Vol Fraction, 
percent (6) 

28.3 

30.5 

r 30.8 

30.4 

30.7 

29.4 

29.3 

29.1 

29.8 

Total fiber Vol fraction, 
percent (6) 

65.8 

67.5 

67.5 

66.7 

68.4 

65.1 

65.0 

66.3 

66.3 

Void Vol fraction, 

percent (7) 

6.4 

2.5 

m 

D 

1.3 

3.6 

ra 

■a 

m 


Iotas i 


(1) At of 4. measurements at 45* lntarrala 

(2) At of 8 measurements at tj’ lntarrala 

(3) Include* encapsulated fittings, compression caps, lock nuts, and 
vnahera (exclude* rod-end hardware) 

(4) Exclude* all as tel part* 

(5) Values calculated froa Ignition loss determination 

(6) Values calculated fro* velght* of lcngo and elre glass after 
Ignition loas erraluaticn 

(7) Values calculated aa 100 percent lass ths so* of the reals 
and total fiber Toluae fractions 
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Table 7-8 


RESULTS OF LABORATORY ANALYSIS FOR CONFIGURATION III-3 

TEST SPECIMaiS 


Specimen Ho. 

m-3A 

in-3B 

1II-3C 

II1-3D 

III-3E 

ni-3f 

m -30 

[= 

-3H | 

Average 

Horn Outside Die, 
In. (cm) 

m 

2.5 

( 6 . 35 ) 

m 

2.5 

( 6 . 35 ) 

m 

2.5 

(6.35) 

m 

m 


Horn Length, 
In. (cm) 

36.0 

(91.*) 

36.0 

( 91 .*) 

36.0 

( 91 .*) 

36.0 

( 91 .*) 

36.0 

( 91 .*) 

36.0 

(91.*) 

m 

36.0 ■ 

( 91 .*) 1 

36.0 

( 91 .*) 

Ho. of Longo Rovings 

306 

306 

306 

306 

306 

306 

306 

306 

306 

Horn Wall Thickness, 
mil (ran) 

22 

(0.56) 

22 

(0.56) 

22 

( 0 . 56 ) 

22 

(0.56) 

22 

( 0 . 56 ) 

22 

( 0 . 56 ) 

22 

(0.56) 

22 

( 0 . 56 ) 

22 

(0.56) 

Horn Longo Thickness, 
mil (mm) 

10 

(0.25) 

10 

( 0 . 25 ) 

10 

( 0 . 25 ) 

10 

( 0 . 25 ) 

10 

( 0 . 25 ) 

10 

(0.25) 

10 

( 0 . 25 ) 

10 

( 0 . 25 ) 

10 

(0.25) 

Horn Circ Thickness (Kb 
W rap) mil (nn) 

6 

( 0 . 15 ) 

6 

( 0 . 15 ) 

6 

( 0 . 15 ) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

6 

(0.15) 

Hess Outside Die, 
In. (cm) 

(1) 

m 

2 . *65 
(6.261) 

2 .U66 
( 6 . 26 U) 

2. *66 
(6.26*) 

2. *69 
(6.271) 

2. *7* 
( 6 . 28 *) 

2. *67 
(6.266) 

2. *61 
(6.251) 

2. *67 
( 6 . 266 ) 

Meas Mall Thickness, 
■11 (n*) 

(2) 

20 

( 0 . 51 ) 

19 

(o.*8) 

20 

(0.51) 

19 

(0.*8) 

18 

(0. *6) 

19 

(0.*8) 

19 

(o.*8) 



19.1 

(0.*85) 

Total Strut Weight, 
lbm (kg) 

(3) 

H 

m 

2.116 

( 0 . 960 ) 

2.099 

(0.952) 

m 

2.090 

(0.9*8) 

2.103 

( 0 . 95 *) 



mi 

Composite Weight, 
percent 

(*) 

23.1 

22-9 

23.2 

22.5 

22.5 

22.2 

22.5 



22.7 

Composite Density. 
lbm/ln.3 (gm/c*H) 

0.0730 

(2-02) 

0.07*8 

(2.07) 

0.0715 

( 1 . 98 ) 

0.0737 

(2.0*) 

0.0730 

(2.02) 

mi 

0.0712 

(1-97) 



0.0730 

( 2 . 02 ) 

Resin Weight Fraction, 
percent 

(5) 

17.9 

17.2 

18.0 

17.9 

18 .* 

20.0 

18.6 

Hot 

Tested 

18.3 

Resin Volume Fraction, 
percent 

(5) 

30.0 

30.6 

29.3 

30.8 

30.* 

32.2 

29.3 



30 .* 

Longo Fiber Vol Fraction, 
percent 

(6) 

27.* 

28.9 

26.5 

27.* 

29-1 

27.6 

26.2 



27.6 

Clre fiber Vol fraction, 
percent 

(6) 

39-3 

39-6 

38.5 

39-3 

37.0 

38.5 

37.6 



38.5 

Total Fiber Vol Fraction, 
percent 

(6) 

66.7 

68.5 

65 .O 

66.7 

66.1 

66.1 

63.8 



66.1 

Void Vol fraction, 
percent 

(7) 

n 

m 

5.7 | 

2.5 

3.5 

m 

6.9 

< 


3.5 


talm 


( 1 ) 

S3 

M 

!i 

(T) 


At of Beeaureaients at *5* tn terra la 
At of 8 aeaauremnts at *5* lnterrala 
Zncludea encapsulated fittings, compression capa, look nut a, and 
vaahera (exoludca rod-end hard rare) 

Bxcludea all Mtel perta 

Value a calculated frai ignition leaa determination 

value* calculated from weights of longo and circ glass after 

Ignition loaa evaluation 

Value* calculated aa 100 percent last the aua of the resin 
and total fiber volume fraction* 
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III-l configurations varied from -8 to +k.6 percent compared to the average 
values. Resin weight fractions and volume fractions of resin, longo fibers, 
and circ fibers were assessed and again were found to be within ±9 percent 
of the nominal design targets. Finally, the void volume fractions determined 
from the analysis ranged from 0 to 7*1 percent, except that excessive values 
of 12.1 and 12.9 were determined for two of the configuration III-l specimens 
where it was subsequently found that the prepreg material used to wind the 
struts had been stored for more than the specified maximum shelf life. 

During the post-test analysis of the failed Task 4 strut specimens, photo- 
micrographs were obtained of the material immediately adjacent to the failure 
areas. Typical cross-sectional views of one of the configuration III-l speci- 
mens are presented in Fig. 7-1. It can be seen from these enlarged views that 
excellent fiber distribution within the resin matrix was achieved with mini- 
mum void volume. 

Near the conclusion of the Task 5 post-test analysis, results obtained from 
the cyclic load tests in Task 4 were analyzed and compared to similar results 
taken from the literature. Fig. 7-2 shows typical fatigue data obtained from 
this analysis. In this figure, the number of cycles accumulated prior to 
failure are plotted as a function of the tension stress ratio imposed, F^/F t y, 
and the ratio of minimum- to-maximum load peaks applied, R. Negative values 
of R indicate that the minimum-load peaks applied were in compression. The 
curves shown for l 8 l/s -901 cloth and S-99^ roving were obtained from the 
literature, whereas the data points shown were derived from the results of 
the full-scale Task 4 tests. Test specimen numbers are indicated for each 
data point. Based on the limited number of tests conducted, these strut 
designs exhibited excellent fatigue-life capabilities. However, additional 
cyclic load testing is needed to completely investigate the fatigue-life 
characteristics of these structures over a wide range of design stress 
ratios . 
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(a) Cross-Section (Enlarged 100 times) 


(b) Longo Wraps (Enlarged 500 times) 
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Fig. 7-2 Typical S-N Fatigue Data for Composite Fiberglass Materials 













7.2 


REVIEW OF FIBERGLASS STRUT TECHNOLOGY 


7.2.1 Thermal and Mechanical Properties 


Based on a review of the results obtained during this program and of those 
published in the literature, thermal and mechanical property data were 
compiled for use in the design and analysis of tubular fiberglass support 
structures. A summary of these data, indicating the source of each property, 
is presented in Table 7-9* 


As shown in the table, values of thermal conductivity vary with the A ^g/ A cg 
ratio and should be computed for any particular design using Equation (3-8) . 
The thermal expansion coefficient given represents the integrated average 
value for a change in temperature from 535°R (297°K) to 37°R (20°K) . Values 
for other temperature ranges can be obtained from Ref. 5 as noted. Density 
values shown agree well with those from the literature. The variation of 
density with temperature is not shown since only room temperature data were 
obtained. The average allowable tensile stress value given in the table can 
be multiplied directly by the longo composite cross-sectional area in order 
to obtain the total ultimate tension load capability. Similarly, ultimate 
compressive crushing load capability can be determined as the product of the 
allowable crushing stress shown and the longo composite area. Values of 
crippling or column buckling capability, on the other hand, depend on total 
cross-section geometry and elastic properties and must be computed for each 
particular design using the equations noted in the table. The compressive 
modulus of elasticity value used in these computations should be selected 
for the proper A ^g/ A cg ratio as shown. 


7 . 2.2 


Recommended Design Approach 


For the range of loads and lengths investigated during this program, monocoque 
fiberglass strut designs are recommended. In general, monocoque cylinders 
will be optimum and are recommended for applications where relatively short. 
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Table 7-9 


THERMAL AMD MECHANICAL PROPERTIES OF TUBULAR 
FIBERGLASS SUPPORT STRUCTURES^ 


Property 

1 1 ,M "" ' ■■ 
Source and Range of Available Test Data 

Recosnended Design Data 

Thermal Conductivity, 
Btu/hr ft°R at 278. 5* R 
(W/cn*K at 154. 7*K), 

fCr W A cg ' 0 

** cg 1.0 

2.67 

an 

Interpolated from Lockheed, Goodyear, and 
GDC test data (Ref 2, Fig. 23; Ref 10, 
Table C 1 and Ref 11, Figs. 50 and 51) : 
0.124 to 0.156 (0.00215 to 0.00270) 

I/A 

0.206 to 0.257 (0.00357 to 0.00445) 

0.100 to 0.118 (0.00173 to 0.00204) 

Calculate from analytical 
model. Equation (3-8) 

(Ref Fig. 3-20): 

0.175 (0.00303) 

0.238 (0.004121 
0.268 (0.00464) 

0.302 (0.00523) 

Thermal Expansion from 
535*R(29T*K)to 37*R(20*X), 
percent 

m/a 

Handbook value (Ref 5, 

Fig. 3-D: -0.138 

" Density at $35°R(297°K), 
lbm/in.3 (gm/cm3) 

Task 2 test data (Ref Tables 7-1 to 7-4): 
O.O683 to 0.0744 (I.89 to 2.06) 

Av value for 11 specimens 
(Ref Tables 7-1 to 7-4): 
0.0718 (1.987) 


Task 4 test data for 2 spec ea of all 
config (Ref Table 6-2): 

187 to 217 (12.9 to 15.0) 

Av value far 6 specimens 
(Ref Table 6-2): 

202 (13*9) 

Ult Crushing Strength 
Parallel to Longos' 2 ', 
psi x 10*3 (n/m?xlO"°) 

Task 2 test data for 4 spec of config 
H-1 and II-2 (Ref Table 7-5): 

104 to 119 (7.2 to 8.2) 

Handbook value (Ref 26, 
Table 4.30): 

100 (6.9) 

Ult Crippling Strength 
Parallel to Langosv3)(4) 
psi x 10*3 (H/mSclO- 8 ) 

Task 2 teat data for 3 epee of config 
II-4 (Ref Table 7-5): 

86.7 to 88.6 (6.0 to 6.1) 

Calculate from classic 
crippling model: (8) 
Equation (3-2) (isotropic) 
Equation (3-3)(orthotropic) 

Ult Column Buckling 
Strength (5). psi x lO -3 
(M/nftc 10*°) far V/Pc - 

45.8 (Config IH-1) 
36.4 (Config m-2) 
41.0 (Config IXI-3) 

Task 4 test data for 2 or 3 spec ea of all 
config (Ref Table 6-2): 

28.0 to 35.4 (1.9 to 2.43 

47.6 to 53*9 (3-3 3.7) 

21.7 to 26.0 (l.5 to 1.8) 

Calculate from classic 
Euler buckling model: 

Equation (3-1) 

Compressive Modulus 
of Elasticity, psi x 10 
(H/m2xl0" 10 ) for 

V A « • 

2.0 

Task 2 test data far 2 or 3 spec ea of 
configs II- 1, II-2, and II-4 (Ref 
Table 7-5): 

6.3 to 6.6 (4.4 to 4.6) 

6.7 to 7.0 (4.6 to 4.8) 

7.64 (5.27) 

Av value far 2 or 3 spec 
of ea A^g/A c „ ratio (Bef 
Table 7-5 and Fig. 3-36): 
6.47 (4.46) 

6.80 (4.69) 

7.64 (5.27) 


MOTES: 


( 1 ) 

( 2 ) 

(3) 

w 


(5) 


( 6 ) 


All data shown are far monocoque struts with s resin content of 20.8 
percent by veight (35 «0 percent by volume). 

Applied over longo composite cross-sectional area only. 

Applied over total composite croes-sectional area. 

Values vary with cross-section modulus, geometry, and crippling 
co-efficient (Ref Table 7-5 for typical values). 

Values vary vith cross-section modulus, geometry, and column 
eccentricity (Ref Table 6-1 for typical values). 

Use isotropic analysis for preliminary design or for comparison 
of results with those from other studies. Use orthotrople 
analysis for final design studies. Orthotropic values ccnputed 
for monocoque cylinders and ogives ere given in Figs. 3-37 
through 3—42 • 
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lightly-loaded struts are required. For relatively long, heavily loaded 
struts, monocoque ogive designs are recommended. For intermediate load- 
length applications, both cylindrical and ogive designs should be inves- 
tigated to determine which is optimum. 

For any given application (i.e., either cylinder or ogive) for a particular 
load-length design point, the data presented in Figs. 3-37 through 3-^2 
should be cross-plotted as a function of nominal longo thickness to deter- 
mine the optimum thickness value for compressive loading. Based on these 
data, a suitable design can be selected (Ref Figs. 3-**2 through 3-^5) • The 
longo composite area should then be checked for the design tension load. 
Finally, winding requirements should be determined uBing the method pre- 
sented in Appendix F. 

Titanium end fittings and compression caps similar to those shown in Figs. 
3-^6 through 3-^8 are recommended. Also, rod-end fittings of the 2BREF 
series are recommended and should be selected based on static and cyclic 
load requirements and the capabilities shown in Table 3-8* Other general 
design and manufacturing requirements should be specified in accordance with 
the design drawings (Ref Figs. 3-^ through 3-^*8) and the process specifica- 
tion (Ref Appendix E) which were developed during this program. 

7.2.3 Evaluation of Other System Concepts 

During Task 5, an analytical study was conducted to compare design details 
and system performance for fiberglass strut and fiberglass tension strap 
support systems where each was applied to a typical flight cryogen tank. 

The fiberglass tension strap concept was selected for this comparison since 
it theoretically offers the lowest weight and heat leak for any given appli- 
cation. 

In this study, strut and tension strap systems were each designed to support 
a liquid helium cryostat within the spacecraft structure for an orbiting 
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cosmic ray spectrometer experiment. The cryostat was designed to provide a 
liquid helium temperature environment for a one-year operational life. De- 
sign gross weight at liftoff was approximately 2750 lbm (1250 kg), and the 
total system was to fit within a 78.0-in.- (198-cm-) diameter by 93. 5-in. - 
(237-cm-) long cylindrical envelope. The integrated thermal protection 
system developed in the study consisted of approximately 3*0 in. (7.6 cm) 
of multilayer insulation installed within a vacuum- jacketed annulus, two 
vapor-cooled shields positioned within the multilayers, and either the 
fiberglass strut or the tension strap support system. Nominal design steady- 
state heat flux for the system in orbit was approximately 0.32 Btu/hr 
(0.095 w). Nominal design limi t load factors of 7-g longitudinal accelera- 
tion and 3-g longitudinal rebound were combined independently with a maxi- 
mum lateral limit load factor of 4.4 g to determine critical design loads 
for individual strut or tension strap members. In addition, the natural 
frequency of each support system was determined to ensure that application 
of critical flight dynamic loads would not cause resonance with subsequent 
load amplification beyond the nominal design values. It was found from 
this analysis that for the most critical case a support system natural fre- 
quency in the longitudinal direction in excess of 25 hz was required to pre- 
clude resonance of the system due to booster engine thrust perturbations 
in the 16 to 25 hz range during shutdown. 

The fiberglass strut support system designed during the study consisted of 
six 2.25-in.- (5.72-cm-) diameter ogive struts, each 29. 0 in. (72.7 cm ) in 
length with a 30-mil (0.76-ram) nominal wall thickness at midspan. The cri- 
tical ultimate design load was found to be 8570 lbf (38,120 N) in compression. 
Total inert weight for the system was approximately 10 lbm (4.5 kg). Each 
strut was thermally shorted to each vapor-cooled shield with a resultant 
total heat leak through the supports of approximately O.O 55 Btu/hr (0.016 w). 
The natural frequency of the system in the longitudinal direction was found 
to be approximately 29 hz, well above the critical value range. 

Similarly, the fiberglass tension strap system designed during the study was 
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composed of twelve 0.75-in. (l.91-cm ) by 0.10-in. (0.25-cm ) rectangular 

members. Each member was 23.5 in. (59*7 cm ) in length, and was designed 
for an ultimate tension load of approximately 15,200 lbf (66,720 N). Total 
inert weight of the system was approximately 6 lbm (2.7 kg). Again, each 
strap was assumed to be thermally shorted to each of the vapor-cooled shields, 
with a net total system heat leak of approximately 0.031 Btu/hr (0.009 W). 

In this case, the dynamics analysis showed that longitudinal natural frequency 
of the system was approximately 16 hz. Since this is significantly below the 
desired frequency of 25 hz or more, a second calculation was made assuming 
that the cross-sectional area of each strap was doubled. This modification 
resulted in a natural frequency of approximately 23 hz, still well below the 
critical value, but also approximately doubled the system weight and heat 
leak values noted earlier. Based on this study, it becomes evident that the 
fiberglass strut system is, in fact, superior to the fiberglass tension strap 
system for applications where a severe dynamic load environment must be accom- 
modated. 

7.2.k Comparison of System Performance for Fiberglass 

and Metallic Strut Supports 

When selecting the support system for a specific application, the vehicle de- 
signer must consider the total weight penalty imposed by the system, as well 
as cost and reliability factors. This total weight is comprised of both 
inert weight and boiloff due to the heat leak contribution from the support 
system. 

A comparative evaluation was made between fiberglass and titanium strut 
support systems, each composed of six identical struts, to provide some in- 
sight into the relative merits as related to vehicle size (characterized by 
loads) and the mission duration. Titanium (6AL-^V) was chosen for the com- 
parison because of its high strength-to-weight ratio, and its relatively low 
thermal conductivity. 

Figure 7-3 shows the inert weight comparison as a function of the compression 
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load, for both l8-in. (45.7-cm ) and 36-in. (101.6-cm ) struts (pin-to-pin) . 
These weights include the tube, internal end fittings, rod ends, and the core 
insulation (chopped Dexiglas). As one would expect, the metal struts are 
lightest because of higher mechanical properties for the tube wall. However, 
since the tube wall is the only contributing element for which the different 
properties apply (i.e., both designs use the same rod ends and end fitting 
material), the weight differential is minimized. This does illustrate, 
though, that for a mission duration of a few hours, one might prefer the 
metal struts. The tension load capability is approximately 2.5 times that 
for compressive loads for the locus of designs represented in the figure. 

The relative thermal performance of the titanium and fiberglass struts is 
illustrated in Fig. 7-b. These are the basic conduction heat rates between 
520° R (289° K) and liquid hydrogen temperature, assuming the external surfaces 
to be perfectly insulated. The much steeper slope shown for the metal struts 
is a consequence of the higher conductivity, although the heat rates for both 
designs increase with increasing load and cross-sectional area. 

The heat rates from Fig. 7-^ were used to calculate the hydrogen boiloff 
weights for a system of six struts for a 220-day mission. These were then 
added to the inert weights from Fig. 7-3 to derive a system weight penalty. 

The results are shown in Table 7-10 for three different design loads. This 
table illustrates a marked advantage for fiberglass, particularly for high 
load conditions. The differences would be less for shorter mission durations. 
Also, only monocoque cylinder designs were compared in this task. In view 
of the fact that the ogive fiberglass strut is more optimum at high loads 
than the cylinder, any comparison between ogive and metal struts would merely 
add to the already obvious advantage of fiberglass. 
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Heat Rate per Strut (Btu/hr) 


/ -Ik 

Ultimate Compressive Load (N x 10 ) 



Fig. 7- 1 * Comparison of Heat Rates for Fiberglass 
and Titanium Strut Supports 
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Heat Rate per Strut (w) 



Table 7-10 


COMPARISON OF EFFECTIVE SYSTEM WEIGHTS FOR FIBERGLASS 
AND TITANIUM STRUT SUPPORTS 


Material 

V in - 

(cm) 

Ultimate Compressive Load, lbf (N) 

980 (4360) 

4690 (20,860) 

84oo (37,360) 

Effective Weights*, lbm (kg) 

Titanium 

6al4v 

18 (45.7) 
36 (91-4) 

26 (11.8) 
22.1 (10) 

76.6 (34.6) 
75.5 (34.2) 

123 (55.5) 
120 (54.2) 

Fiberglass 

S-901/E-787 

18 (45.7) 
36 (91.4) 

21.2 (9-6) 
14 (6.4) 

28.8 (12.8) 
23.2 (10.6) 

37.5 (17) 
33.9 (15.4) 


* Based on mission duration of 220 days for a 
system composed of six identical struts 
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Section 8 


DISCUSSION OF RESULTS 


During this contract program, a low heat leak, filament -wound fiberglass strut was 
developed that has a strength -to-weight ratio in tension and compression exceeding 
that for any metallic strut of equal length and load capability. Thus the primary 
goal of the program was achieved in addition to many secondary goals. 

The basic design concept of providing axial load transfer between the composite 
strut body and the metallic end fittings without relying on glass-to-metal bond 
strength or on mechanical fasteners was verified conclusively by test. With this 
concept, longo rovings are wound continuously over the internal end fittings, and 
compression caps are then installed over the resulting closed-end composite struct- 
ure. Axial tension loads are reacted directly in bearing of the longo material on 
the internal fittings. Similarly, axial compression loads are reacted in bearing of 
this material on the compression caps which, in turn, are attached to the internal 
fittings. 

In Task I, sixteen selected strut design configurations were analyzed to determine 
their relative merit for application to a wide range of design loads and lengths 
(Ref Tables 3-1 and 3-2). Candidates with either cylindrical or ogive shells of 
revolution and with either monocoque or longeron-stiffened walls were included 
in the analysis. For monocoque shell designs, both polyurethane foam and non- 
structural core insulations were analyzed. For stiffened shell designs, both glass- 
fiber and boron-fiber longerons, as well as an additional boron-fiber longo layer, 
were investigated. 

It was found from the parametric analysis conducted in Task I that the total inert 
weight does not vary significantly for short, lightly-loaded struts of the configura- 
tions studied. For example, the inert weight per strut varied less than 0.06 Ibm 
(0.027 kg), or approximately 6 percent of the average total weight value of 
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1.13 lbm (0.51 kg), for four 18-in. -(45. 7-cm-) long strut candidates designed for 
an ultimate compressive load of 980 Ibf (4360 N) (Ref Section 3.1.8, Figs. 3-25 
and 3-26). However, for seven candidate strut configurations, 40 in. (101.6 cm) 
in length and designed for an ultimate compressive load of 8400 ibf (37,360 N), 
a somewhat greater difference in inert weight was observed of 0.34 lbm (0.15 kg) 
per strut, or approximately 10 percent of the average total weight value of 3.36 
lbm (1.52 kg) (Ref Figs. 3-29 and 3-30). 

Where propellant boiloff weight, resulting from the longitudinal heat leak, was 
added to the strut inert weight to obtain total system weight, a more significant 
variation was found for selected candidate designs. The greatest variation was 
observed for fluorine tank supports with boundary temperatures of 400°R (222°K) 
and I40°R (78°K), compared to that for hydrogen tank supports with boundary 
temperatures of 520°R (289°K) and 37°R (20°K). Also, a much greater variation 
in total system weight was found for short, lightly-loaded struts where the cross- 
sectional area for some of the candidates was dependent on minimum diameter and 
minimum wall thickness (fabrication) constraints rather than on load capability. 

For example, the total system weight for four selected fluorine tank support con- 
figurations, each 18 in. (45.7 cm) long and designed for an ultimate compressive 
load of 980 Ibf (4360 N), ranged from 4.38 lbm (1.99 kg) to 8.00 lbm (3.63 kg) 
per strut based on a mission duration (storage time) of 200 days (Ref Fig. 3-26). 
This is a maximum variation of 3.62 lbm (1.64 kg), or approximately 60 percent 
of the average total system weight of 6.07 lbm (2.75 kg). For seven candidate 
fluorine tank strut configurations, each 40 in. (101.6 cm) long and designed for 
an ultimate compressive load of 8400 Ibf (37,360 N), the difference in total sys- 
tem weight was 0.66 lbm (0.30 kg) per strut, or approximately 10 percent of the 
average total weight value of 6.75 lbm (3.06 kg) (Ref Fig. 3-30). 

Based on the parametric structural and thermal analyses described above, monocoque 
cylinders of configuration I (Ref Table 3-2) were found to provide the lightest total 
system weight for short, lightly-loaded struts (Ref Figs. 3-25 and 3-26). For struts 
of medium length and load capability, stiffened cylinders of configurations 8 and 
13 were found to be the lightest (Ref Table 3-2 and Figs. 3-27 and 3-28). Fin- 
ally, for long, heavily-loaded struts, stiffened cylinders of configuration 10 
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and monocoque ogives of configuration 6 offered the lightest total system weight 
(Ref Table 3-2 and Figs. 3-29 and 3-30). These results also show, however, that 
the system weight penalties incurred are insignificant where monocoque cylinder or 
ogive designs are used in lieu of the optimum stiffened cylinder designs for struts 
of medium length and load capability or for long, highly-loaded struts. For ex- 
ample, total system weights of 5.66 Ibm (2.57 kg) and 5.58 Ibm (2.53 kg) per 
strut were computed for a configuration 6 monocoque ogive and a configuration 10 
stiffened cylinder, respectively. In this example, each candidate was designed 
as a hydrogen tank support 40 in. (101.6 cm) long with an ultimate compressive 
load capability of 8400 Ibf (37,360 N) for a mission duration of 200 days (Ref 
Fig. 3-29). If the monocoque ogive design is selected rather than the stiffened 
cylinder, it can be seen that the resulting weight penalty is only 0.08 Ibm 
(0.04 kg), or approximately 1.4 percent of the optimum system weight. 

In the detailed design and analysis of selected strut candidates, it was found 
that titanium is the most suitable metallic material from which to fabricate the 
internal end fittings and compression caps. The selection was based on a com- 
parison of thermal coefficient of expansion, density, and thermal conductivity of 
aluminum, stainless steel, and titanium with those same properties for fiberglass 
(Ref Section 3.2.1, Table 3-5). Titanium was selected primarily because its 
thermal coefficient of expansion most nearly approaches that for the fiberglass. 

The analysis showed that titanium shrinks approximately 20 percent more than the 
fiberglass in chilling from room temperature to liquid hydrogen temperature, 
whereas stainless steel and aluminum shrink 100 percent more and 200 percent more, 
respectively. In addition, titanium offers the lowest thermal conductivity of the 
three metallic candidates, and is approximately 56 percent less dense than stain- 
less steel (although approximately 58 percent more dense than aluminum). 

Off-the-shelf stainless steel Monoball* rod-end fittings were selected for all can- 
didate strut designs since they provide self-alignment capability during installation 
and chilldown, provide good fatigue life capability, and are readily available in 
a variety of types, sizes, and load ratings. Rod-ends of the 2 BREF series were 


* Southwest Products Company 
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selected from several different types considered in the analysis (Ref Section 3.2.1). 
Since these rod-ends are internally threaded, the mating internal titanium fittings 
(i.e 0 , those integrally wrapped into the strut) are externally threaded. This en- 
hances the longo winding characteristics by providing an increased outside diameter 
to threaded section diameter ratio. In addition, the external threads of the titan- 
ium fittings are rolled to significantly improve their fatigue-life capabilities. An- 
other reason why the 2 BREF series fittings were selected is that they are suitable 
for both the warm-end and cold-end environments. This simplifies the design and 
procurement since left- and right-hand variations of the same fitting can be used 
on a given strut. Finally, the 2 BREF series fittings provide the longest fatigue 
life ratings at high loads for any of the rod-ends considered. 

An evaluation of strut core insulations was conducted to complete the detailed de- 
sign and analysis in Task I. Closed-cell polyurethane foam, chopped Dexiglas, 
and spaced metallized Mylar radiation shield candidates were analyzed. Geometry, 
heat rates, and total system weights were computed for a typical 24-in.- (61-cm-) 
long liquid hydrogen tank support with each of the candidate core insulations in- 
stalled. A mission duration of 220 days was assumed in the analysis. The re- 
sulting total system weight for each case was then compared to that for a refer- 
ence case where no core insulation was provided. It was found that the lowest 
total system weight resulted from use of spaced metallized Mylar radiation shields 
(Ref Table 3-10). However, the system weight penalty was only approximately 4 
percent of the optimum value where the strut core was insulated with chopped 
Dexiglas rather than metallized Mylar shields. Where polyurethane foam was used, 
the system weight penalty increased by 66 percent over the value for metallized 
Mylar shields, and where no core insulation at all was provided, the system 
weight increased by 800 percent over the optimum value. 

Based on these results, chopped Dexiglas was selected as the best core insulation 
overall. The system weight penalty incurred with its use is insignificant, espec- 
ially considering that the system weight computed for spaced metallized Mylar 
shields does not include an allowance for installation and maintenance of the 
shields at the required spacing. Also, the surface emittance of the spaced metal- 
lized Mylar shields is subject to degradation which would significantly increase 
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heat transfer for this system, whereas surface emittance is not significant to the 
thermal performance of chopped Dexiglas. 


Results of the short column compression tests conducted in Task 2 show conclusively 
that the design techniques and fabrication procedures developed in Tasks I and 2 
are valid. For strut configurations 11-2 and 11-4, the scatter of the failure loads 
obtained for three specimens of each design was approximately + I percent of the 
average value (Ref Section 4.2.1). For two specimens of configuration ll-l which 
were tested with only single-axis control of spurious bending moments, the scatter 
of failure loads obtained was approximately + 32 percent. It was concluded that 
the single-axis moment control mode was inadequate, and all later tests were con- 
ducted with control about both principal axes. An excessive scatter of approxi- 
mately + 25 percent of the average value was also observed for three specimens 
of the stiffened cylinder design, configuration 11-3, even though the two-axis 
moment control mode was used. It was concluded that the relatively high scatter 
of the data obtained for this configuration resulted from unpredictable strength 
properties for the secondary resin bond between the cylinder wall and the external 
longeron stiffeners. It appears that the design could be improved significantly by 
integrally-winding internal longeron sitffeners into grooves premachined into the 
salt mandrels in order to obtain a primary bond between the stiffeners and the 
cylinder wall. However, the additional complexity and cost of fabrication assoc- 
iated with this design change do not appear to be justified by the potential weight 
savings for stiffened struts compared to those with monocoque walls. Consequently, 
the stiffened design was not investigated further during the program. 

Stress-strain data obtained from analysis of the Task 2 short column tests show near- 
linear slopes from zero load through the failure load achieved (Ref Figs. 4-9, 4-10, 
and 4-11). Values of compressive modulus of elasticity obtained from these tests 
were used to update the Task I parametric data prior to design of the Task 4 test 
specimens (Ref Figs. 3-37 through 3-42). These values are presented and dis- 
cussed later in this section with results of Task 5 activities. 


8-5 


LOCKHEED MISSILES 8c SPACE COMPANY 


In Task 3, materials were procured, mandrel tooling and water-soluble mandrels 
were fabricated, and eight specimens each of three selected final strut designs were 
fabricated (Ref Section 5). During this effort, a comprehensive process specifica- 
tion was developed (Ref Appendix E) that defines requirements for material procure- 
ment and fabrication of fiberglass struts of each design. 

Results of the tension, compression, and cyclic-load tests conducted in Task 4 veri- 
fied conclusively the design data, the analysis procedures, and the fabrication pro- 
cesses developed in Tasks I, 2, and 3. For all specimens tested, efficient axial 
load transfer was achieved through the integrally-wrapped end fitting joints. All 
failures occurred within the composite fiberglass structure as predicted. No fail- 
ures of internal end fittings, compression caps, or rod-end fittings were encountered. 
In addition, no failures occurred within the composite fiberglass material near the 
cold end fittings which were completely immersed in liquid nitrogen to simulate 
the design environment temperature for all Task 4 test specimens. 

Typically, static tension test specimens failed in fracture of the longo rovings near 
midspan for strut configuration lll-l, and in the center section of the closed-end 
composite structure where it was wrapped over the warm-end fitting for configura- 
tions 1 1 1—2 and 1 1 1 —3 . Significant damage of configuration 1 1 1—2 and 111-3 speci- 
mens was also sustained due to compressive rebound after the initial tensile fail- 
ure (Ref Section 6.2.1 and Fig. 6-6). 

Local crushing failures were observed in the strut body wall near midspan for all 
Task 4 static compression test specimens (Ref Fig. 6-7). It was not determined 
conclusively whether or not these failures were induced initially by general in- 
stability (Euler column buckling). However, it was concluded that this is most 
likely since all Task 4 strut designs were biased to fail in this mode (Ref Figs. 

3-43, 3-44, and 3-45). 

In the cyclic test mode, typical failures occurred initially due to tensile fracture 
of the longo rovings at the warm end fitting, followed by damage at other points 
along the strut body due to compressive rebound or to application of the next com- 
pressive load cycle (Ref Fig. 6-8). 
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Analysis of the Task 4 test data showed that the failure loads were generally with- 
in + 15 percent of those predicted for all static tension and compression test speci- 
mens (Ref Table 6-2). For two cases where the failure margin was greater, the 
actual loads exceeded those predicted by 17.7 and 25.4 percent. Also, it was 
found that each of the designs offered good fatigue-life capabilities for near de- 
sign limit cyclic loads in tension and compression. Specimens of configurations 
lll-l and 1 1 1— 2 achieved from 207 to 283 cycles prior to failure, while those of 
configuration 1 1 1-3 achieved from 2509 to 5761 cycles (Ref Table 6-2). 


In Task 5, strut fabrication reproducibility was determined from extensive pre-test 
and post-test laboratory analyses of the Task 2 and Task 4 test specimens. In 
general, critical dimensions, strut assembly weight, composite weight and density, 
resin weight and volume fractions, and fiber weight and volume fractions were 
found to be reproducible within approximately 1 10 percent (Ref Tables 7-1 through 
7-4 and Tables 7-6 through 7-8). Average void volume fractions determined for 
specimens of any particular design ranged from 1.6 to 6.8 percent. For two speci- 
mens of configuration lll-l where excessive void volume fractions of 12.1 and 12.9 
percent were observed, it was found that the prepreg fiberglass material had been 
stored somewhat longer than the specified maximum shelf life prior to winding. 
However, this had no apparent effect on strength properties, since failure loads 
for these specimens exceeded those predicted by 5.0 and 12.8 percent, respect- 
ively (Ref Tables 6-2 and 7-6). 


Evaluation of the data obtained in Task 2 for short-column compression test speci- 
mens shows that average compressive modulus of elasticity values range from 
6.47 x 10^ to 7.64 x 10^ psi (4.46 x 10^ to 5.27 x 10^ N/m^) for the selected 
Task 2 strut designs (Ref Table 7-5). These modulus values correspond to A/g/A C g 
ratios of 1.0 and 2,0, respectively (Ref Table 3-11). The scatter of the data ob- 
tained was within t 3 percent of the average values for monocoque designs (con- 
figurations ll-l, 11-2, and 11-4), and within t 8 percent of the average for the 
stiffened cylinder design (configuration 11-3). Average values of the isotropic 
crippling coefficient determined from these data ranged from 0.242 for configuration 
11-2 struts to 0.299 for configurations ll-l struts. For this parameter, the scatter 
of the data was within 1 4 percent of the average for the monocoque designs, but 
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increased to i 18 percent of the average for the stiffened cylinder design (Ref 
Table 7-5). 

A complete review of current fiberglass strut technology was also conducted in 
Task 5. Thermal and mechanical design properties were selected from results of 
this program and from other sources in the literature and tabulated for the de- 
signer's use (Ref Table 7-9). Based on a comparison of thermal conductivity 
values computed using the analytical model given by Equation (3-8) with test 
data from the literature, the analytical model values are recommended for design. 

In calculating thermal expansion or contraction, handbook values of the thermal 
coefficient of expansion as a function of temperature should be used. In addition, 

o 

the room temperature density value recommended for design use is 0.0718 Ibm/in. 
(1.987 gm/cm®) based on the measured average for eleven Task 2 test specimens. 

With regard to structural design properties, a combination of analytical and test 
data values are recommended. An average ultimate tensile strength of 202,000 
psi (13.9 x 10^ N/m^) should be used based on Task 4 test results for six full- 
size strut specimens. This design value reflects typical stress magnification fac- 
tors which result from wrapping the longo rovings around the internal end fittings. 

It is applicable to the longo cross-sectional area only. 

For compressive load design, the MIL-HDBK-I7A crushing strength value of 100,000 
psi (6.9 x 10® N/m^), also applied to the longo cross-sectional area only, is 
recommended. In addition, the column buckling strength and the local crippling 
strength values should be determined from the classic Euler column and either the 
isotropic or orthotropic crippling models. Equations (3-1) and (3-2) or (3-3), 
respectively. Column buckling and crippling strength design values are applicable 
to the total composite cross-sectional area of the strut. These values vary with 
cross-sectional compressive modulus of elasticity and geometry. Column eccentri- 
city also affects the buckling strength, and a suitable crippling coefficient must be 
selected in order to compute the crippling strength value. Average test values of 
compressive modulus and crippling coefficient which are recommended for design use 
can be found in Table 7-5. The decrease in allowable compressive load with 

8-8 

LOCKHEED MISSILES & SPACE COMPANY 


column eccentricity can be determined by equating the maximum fiber compressive 
stress (i.e., that due to compression plus bending) to the allowable stress from the 
Euler column buckling equation. In computing the bending moment, the increase 
in eccentricity due to elastic deformation of the strut under load must be taken 
into account. 

A recommended design approach based on all of the analysis and test results ob- 
tained during the program was also developed in Task 5 (Ref Section 7.2.2). 
Monocoque cylinders should be used for relatively short, lightly-loaded struts. 

For relatively long, heavily-loaded struts, monocoque ogives were found to be 
most desirable and should be used. Where applications to intermediate loads and/ 
or lengths are required, both monocoque cylinders and monocoque ogives should 
be compared to determine the optimum configuration. For all designs, the opti- 
mum longo wrap thickness should be determined by cross-plotting column load 
capability in compression as a function of thickness for column buckling, crippling, 
and crushing modes of failure. The resulting longo cross-sectional area should 
then be checked to ensure adequate tensile strength for the intended loading. 

Other design and manufacturing requirements should be based on the data and pro- 
cedures given in Appendices E and F. 

Finally in Task 5, system weights were evaluated and compared for integrally- 
wrapped fiberglass struts, fiberglass tension straps, and tubular titanium strut 
supports. It was found that fiberglass tension straps , designed for given loads and 
geometry, each required only approximately one-third the cross-sectional area required 
for integrally-wrapped fiberglass struts of the same length and load capability. 
However, the number of tension straps required was double the number of struts 
required to achieve adequate load paths in each direction. This can have a 
significant detrimental effect on insulation performance due to the additional 
penetrations, although this effect was not evaluated. In addition, it was found 
that the total cross-sectional area of the tension strap system had to be increased 
significantly to achieve adequate structural stiffness for anticipated dynamic loading 
conditions during launch. The resulting total system weights were approximately 
the same for the fiberglass tension strap and the fiberglass strut support designs. 
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When fiberglass struts were compared to titanium struts for equal length and design 
load cases, it was found that the titanium struts were somewhat lighter based on 
inert weights only. For example, the inert weight of six 36-in. (91.4-cm) titan- 
ium struts designed for an ultimate compressive load of 8400 Ibf (37,360 N) was 
computed to be approximately 16.6 Ibm (7.5 kg), compared to approximately I9 0 6 
Ibm (8.9 kg) for six fiberglass struts of the same length and load capability (Ref 
Fig. 7-3). However, when the corresponding propellant boiloff weights for 220 
days of storage were added to these inert weights, ( the resulting total system 
weights for six struts were 120 Ibm (54.2 kg) and 33.9 Ibm (15.4 kg) for titanium 
and fiberglass struts, respectively. It can be seen from this example that signifi- 
cant system weight savings can be achieved where the fiberglass struts are used. 
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Section 9 


CONCLUSIONS 


The conclusions which were derived from results of the analysis and testing per- 
formed during this contract program are as follows: 

* Monocoq ue cylinders and/or ogives are either optimum or can be 
used with negligible system weight penalties for the entire range 
of lengths and loads investigated. 

* Inert plus boiloff weights for filament-wound fiberglass struts are 
significantly lower than for any metallic struts of equal length 
and load capability. 

* Ultimate axial load capabilities of filament-wound fiberglass 
struts can be predicted analytically within approximately + 15 
percent. 

* Manufacturing reproducibility within approximately + 10 percent 
can be achieved with current equipment and procedures. 

* The concept of integrally wrapping metallic end fittings with 
the longo fibers to achieve axial load transfer without depend- 
ence on bond strength or mechanical fasteners has been verified. 

* Titanium end fittings with rolled external threads provide signifi- 
cantly longer fatigue-life capabilities than do those with internal 
threads . 
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Additional cyclic-load testing is needed to complete develop- 
ment of filament-wound fiberglass struts for flight hardware 
applications . 

These conclusions show that the goals of this contract program have been achieved. 
Successful verification of the integral end-fitting design concept, and demonstration 
of design predictability within t 15 percent and manufacturing reproducibility with- 
in t 10 percent are significant improvements to the state-of-the-art. With addi- 
tional cyclic-load testing to complete characterization of the fatigue-life capa- 
bilities of these structures, this technology can readily be applied' to future designs 
where exceptionally high strength, low heat leak struts are required. 
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Appendix A 

DESCRIPTION OP COMPUTER PROGRAMS FOR STRUCTURAL ANALYSIS 

In Task 1, three different computer programs were used to facilitate the 
structural analysis . A brief description of each is presented below. 

BARSIN 

In general, this computer program is used to predict classic elastic buck- 
ling loads for simply-supported cylinders with various wall constructions 
subject to internal or external pressure and axial load. For the cases 
analyzed during this program, the applied lateral pressure load was zero. 

The program determines bifurcation buckling of cylindrical shells based on 
Donnell equations and on a linear membrane analysis for establishing pre- 
buckling equilibrium. Critical combinations of axial load and lateral 
pressure are determined for cases where combined loading is applied. Any 
s imply-supported orthotropic shell wall can be analyzed, but special adapt- 
ations are provided for commonly-used structures such as: 

° Shells with ring and stringer stiffening 

° Shells with skew stiffeners 

0 Fiber reinforced shells 

° Layered shells (isotropic or orthotropic) 

° Corrugated ring-stiffened shells 

° Shells with one corrugated and one smooth skin (with rings) 

The analysis is based on the solution presented by Baruch and Singer (Ref 

27), although it has been generalized somewhat with respect to constitutive 
equations and loading. Also, the effect of a soft elastic core has been 
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included, and load can be introduced through a flexible external cushion. 
Critical axial loads can be printed out as a function of the number of 
waves (diamond buckles), or the minimum load capability can be established 
and printed out. The program is currently run on a Univac 1108 machine, 
and a user's manual is available (IMSC 681206). Case run time is on the 
order of a few seconds. 


BOSOR 2 

This computer program was devised to predict prebuckling stress and buck- 
ling loads for segmented shells of revolution with various wall construct- 
ions subject to various loads. In Task 1, it was used to obtain an exact 
solution for selected ogive strut configurations loaded in axial compress- 
ion. 

In its general application, the BOSOR 2 program calculates collapse loads, 
bifurcation buckling loads, and vibration frequencies of ring-stiffened, 
segmented shells of revolution with various types of wall construction and 
submitted to various types of axisymmetric loads. Use of the program is 
facilitated by provision of special branches with regard to geometry, wall 
construction, boundary conditions, and type of loading. Its general capa- 
bility includes : 


° Vibration analysis of prestressed shells 

° Analysis of segmented shells such as cylinder-core 
combinations 

° Analysis of shells with discrete rings at a number 
of stations along the meridian, rather than at the 
boundaries only 

° Variable mesh spacing 

° Use of the more general Novoshilov-type shell equa- 
tions rather than Donnell- type equations 

° General axisymmetric loading such as variable pressure, 
line loads, and moments applied at any station along 
the meridian 
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Analysis of shells with wall properties which vary 
along the meridian 

° A routine for plotting stresses, displacements, 
and modal characteristics 

The BOSOR 2 computer program is based on an energy formulation in which 
the finite difference method is used. The number of mesh points cannot 
exceed 100. It is currently used with a Univac 1108 computer, and a user's 
manual is available (IWSC N-26-68-1). Run times are significantly longer 
than those required for the BARSIN program. 


COLUMN 

A new computer program was developed specifically to predict the general 
instability (Euler column buckling) capabilities of ogive struts for the 
Task 1 analysis. Currently, it provides only for simply- supported columns 
subject to axial compression loads. 

Initially, each ogive strut configuration to be analyzed is divided into 
20 end-to-end segments of equal length. The analysis is actually performed 
for 10 segments over the half-length of the strut, since ogive struts are 
symmetrical about the midspan station. Each segment is treated as a trun- 
cated cone, with cross-sectional geometry and material properties matched 
at the boundaries of adjacent segments. In the analysis, geometry and 
material properties of each segment are input with the program. General 
instability buckling loads are then computed and su mm ed for the combined 
structure. The program was formulated for solution using the Univac 1108 
computer. A user's manual has not been compiled. Run times are short com- 
pared to the other programs used in Task 1. 
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Appendix B 


COMPRESSIVE LOAD CAPABILITY FOR LONGERON- STIFFENED FIBERGLASS STRUTS 


Results of the analysis conducted in Task 1 to predict compressive load capa- 
bility for longeron-stiffened fiberglass cylinders (Ref Section 3* 1.5) are 
presented in Figs. B-l through B-l8. In each of these figures, compressive 
load capabilities for general instability (column buckling) and local in- 
stability (crippling) failure modes are plotted as a function of the number 
of waves (local diamond buckles), n, which form around the circumference at 
crippling. When longeron stiffeners are added at each point of inflection 
of each wave (sine wave form), the compressive load capabilities in both 
column buckling and crippling of the wall panels between longerons increase 
as shown. The total number of stiffeners required is 2n, and the least weight 
design (indicated in each figure) is achieved when the capability of the 
wall (neglecting stiffeners) is the same for each of the primary failure 
modes. Where the crippling capability is always greater than the column 
buckling capability (i.e., the curves do not cross), monocoque designs are 
optimum. Total compressive load capability for the least weight design (also 
shown in each figure) is then obtained by adding the capability of the 
stiffeners, assuming equal strain rates in the wall and stiffeners. 

Capabilities are shown in Figs. B-l through B-5 for l8-in.-(45.7-cm-) long 
cylinders with a 12-mil (0.30-mm) longo wrap thickness stiffened with glass- 
fiber longerons. Those for 29-in.-(73*7-cm-) long cylinders with the same 
longo wrap thickness are presented in Figs. B-6 through B-9» The capa- 
bilities for 40-in.-(l01.6-cm-) long cylinders with a 12-mil (0.30-mm) longo 
wrap thickness are presented in Figs. B-10 through B-l4 for both glass-fiber 
and boron-fiber longerons. Finally, capabilities are shown in Figs. B-15 
through B-l8 for 40-in.-(l01.6-cm) long cylinders with an l8-mil (0.46-mm) 
longo wrap thickness stiffened with glass-fiber longerons. 
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Ultimate Compressive. Load (lbf 



Number of Waves, n 

Fig. B-l Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 1.5-in.-(3*8l-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 





Ultimate Compressive Load (lbf x 10 



liMbar of Waves, □ 

Pig. B-2 Predicted Ultimata Compressive Loads for 18 - in. -(45. 7- cm-) 
Long, 1.75-in. -(4. 45-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-ail (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 










Ultimate Compressive Load (lbf x 10 



Number of Waves , n . 

Fig* B-3 Predicted Ultimate Compressive Loads for l8-in.-(U5.7-en-) 
Long, 2.0-in.-(5*08-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0. 30-nun) Longo Wrap Thickness 
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Ultimate Compressive Loed (N 






Ultimate Compressive Load (lbf 


50 



Number of Waves, n 

Fig. B-4 Predicted Ultimate Compressive Loads for l8-in.-(45.7-cm-) 
Long, 2.25-in.-(5.72-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load 




Ultimate Cm 




Ultimate Compressive Load (Ibf 



Number of Waves, n 


Fig. B-6 Predicted Ultimate Compressive Loads for 29-in.-(73»7-cm-) 
Long, 1.75-in. -(4. 45-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 



Ultimate Compres 
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Predicted Ultimate Compressive Loads for 29-in.-(73.7-cm-) 
Long, 2.0-in. -( 5 «08-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N 






Ultimate Compressive Load (lbf x 10 
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Number of Waves, n 


Fig. B-8 Predicted Ultimate Compressive Loads for 29- in.- (73.7-cm-) 
Long, 2.25-in. -( 5* 72-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 

B-9 


LOCKHEED MISSILES & SPACE COMPANY 


Ultimate Compressive Load (N 


Ultimate Compressive Load (lbf 





Number of Waves, n 

Fig. B-9 Predicted Ultimate Compressive Loads for 29-in. -(73»7-cm-) 
Long, 2.5-in.-(6.35-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mra) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 



Ultimate Compress ive 
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Ultimate Compressive 









Ultimate Compressive Load (lb 
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Fig. B-ll Predicted Ultimate Compressive Loads for 4o- in. -(101. 6- cm-) 
Long, 2.25-in. -(5.. 72 -cm-) Diameter. Stiffened Fiberglass 
Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 


LOCKHEED MISSILES & SPACE COMPANY 


Ultimate Compressive Load (N 




Ultimate Compressive Load (lbf x 10 



Fig. B-12 Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 2.5-in.-(6.35-cm-) Diameter Stiffened Fiberglass 
Cylinders with a 12-mil (0. 30-nun) Longo Wrap Thickness 
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tiraate Compressive Load (lbf x 10 



Humber of Waves, n 

Fig. B-13 Predicted Ultimate Compressive Leeds for 40-in.-(l01.6-cm-) 
Long, 2.75-in»-(6.99"®“") Diameter Stiffened Fiberglass 
Cylinders witha 12-mll (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 



Ultimate Compressive Load (lbf x 10 



Number of Waves, n 

Pig. B-l4 Predicted Ultimate Compressive Loads for 40- in . - ( 101 . 6- cm- ) 
Long, 3.0-in. -(7. 62-cm-) Diameter Stiffened Fiberglass 
* Cylinders with a 12-mil (0.30-mm) Longo Wrap Thickness 
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Ultimate Compressive Load (N x 10 






Ultimate Compressive Load (lbf 



Fig. B-15 Predicted Ultimate Compressive Loads for 40-in.-(l01.6-cm-) 
Long, 1.5-in. -(3. 8l-cm-) Diameter Stiffened Fiberglass 
Cylinders with an l8-mil ( 0.46-ram) Longo Wrap Thickness 
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Fig. B-l6 Predicted Ultimate -Compressive Loads. for 40-in.-(l01.6-cm-) 
Long, 2.0-in. -(5.08-cm-) Diameter Stiffened Fiberglass 
Cylinders with an l8-mil (0.46 -mm) Longo Wrap Thickness 
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Predicted Ultimate Compressive Loads for 40- in. -(101. 6- cm-) 
Long, 2.5-in.-(6.35-cm-) Diameter Stiffened Fiberglass 
Cylinders with an l8-mil (0.46-mm)Longo Wrap Thickness 
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Ultimate Compressive 
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Fig. B-l8 Predicted Ultimate Compressive Loads for 40- in . - ( 101 . 6- cm- ) 
Long, 3*0- in. -(7*62- cm-) Diameter Stiffened Fiberglass 
Cylinders with an l8-mil-(o. 46-ram) Longo Wrap Thickness 
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Appendix C 


CALCULATION OF ONE-DIMENSIONAL HEAT LEAKS 


Values of one-dimensional heat leak for two boundary temperature combinations 
were computed in Task 1 (Ref Section 3 . 1.7) for 15 of the 16 analysis cases 
selected for study (Ref Table 3-2). Results are presented in Tables C-l 
through C-10. 

For analysis case numbers 1 through 6, the heat leak values were computed 

directly using equation (3-5). Values of the composite thermal conductivity, 

k c , were taken from Fig. 3-20 for the appropriate ratio of longo-to-circ 

fiber distribution, A^/A c . Composite cross-sectional area values, A c , were 

obtained from Fig. 3-l> and values of T and T were those specified in the 

n 0 

contract. The composite length, L c> was taken as the total strut length, 

L , less 6 in. (15.2 cm). For the ogive struts (analysis case numbers k, 
s 

5, and 6), values of k , k^, and A c at midspan and at the ends were aver- 
aged and used to compute the composite heat leaks. 

Values of total composite heat leak for analysis case number 7 were obtained 
by computing the incremental heat leaks for the single boron-fiber longo 
wrap, and by then adding these increments to the corresponding fiberglass 
strut body heat leaks computed for analysis case number 1. Total composite 
heat leaks for analysis case numbers 8 through 10 and 12 through l6 were 
obtained in a similar manner. Heat leaks were not computed for analysis 
case number 11, since this case was eliminated in the structural analysis 
(Ref Section 3.1*5) * 
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Table C-l 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS 
CYLINDERS WITH A 12 -MIL (O. 3 O-MM) LONGO WRAP THICKNESS 


Analysis Case No. 1 (Ref Table 3-2); A^/A c 


= 1.0 


= 520°R (289°K); T C1 = 37° R (20°K); T^ = 400°R (222°K) ; T c2 
= 0.238 Btu/hr ft°R (4.12 x 10” 3 w/cm°K) for T R1 - T ^ = 483°R 
= 0.233 Btu/hr ft°R (4.03 x 10" 3 w/cm°K) for T^- T^ = 26o°R 



18 (45.7) 1.0 (30.5) 1.5 (3.81) 

1.75 (4.45) 

2.0 (5.08) 

2.25 (5.72) 

2.5 (6.35) 

2.75 (6.99) 

3.0 (7.62) 

4 T 3.25 (8.26) 

29 (73.7) 1.917(58.4) 1.5 (3.81) 

1.75 (4.45) 

2.0 (5.08) 

2.25 (5.72) 

2.5 (6.35) 

2.75 (6.99) 

3.0 (7.62) 

4 4 3.25 (8.26) 

4o (101.6) 2.833(86.4) 1.5 (3.81) 

1.75 (4.45) 

2.0 (5.08) 

2.25 (5.72) 

2.5 (6.35) 

2.75 (6.99) 

3.0 (7.62) 

1, 3.25 (8.26) 


Composite 


Q cl 

Btu/ 

hrxiO (WxlO j 


= 14o°R (78°K) 
(268. 3°K) 
(144.4°k) 


Heat Leaks 



;Q , 

Btu/ 

hrxlC^ 

32 

(WxlO 2 ) 

4.76 

(1.39) 

5.55 

(1.63) 

6.36 

(1.86) 

. 7.16 

(2.10) 

7.9^ . 

(2.32) 

8.73 

(2.56) 

9.45 

(2.77) 

10.3 . 

(3.02) 

2.47 

(0.723) 

2.90 

(0.849) 

3.31 

(0.969) 

3.73 

(I.09) 

4.13 

(1.21) 

4.55 

(1.33) 

4.93 

(1.44) 

5.37 

(1.57) 

1.63 

(O.477) 

1.91 

(0.559) 

2.18 

(O.638) 

2.45 

(0.717) 

2.73 

(0.799) 

3.08 

(0.902) 

3.34 

(0.978) 

3.64 

(1.07) 
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Table C-2 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS 
CYLINDERS WITH AN 18-MIL (0.46-MM) LONGO WRAP THICKNESS 

Analysis Case No. 2 (Ref Table 3-2); kj[/k cr = 1.5 

T h i = 520° R (289° K); T = 3T°R (20° K); T ^ = 400°R (222°K); T c2 = l40°R (78°K) 

k cl = °' 2k8 Btu / hr ft ° R ( 4 * 29 x 10 " 3 w/cm°K) for T R1 “ T = 483°R (268. 3°K) 

k c2 = °- 2k 3 Btu/hr ft°R (4.21 x 10 ~ 3 w/cm°K) for T - T^ = 260°R (l44.4°K) 


Strut 
Length, L 

s 

in. (cm) 

Composite 
Length, L c 

ft. (cm) 

Outside 

Diameter,D 

o 

in. (cm) 

Composite 

Area, A_ 

2 ■a ® o 

ft xl 0 J (cm ) 

Composite 

Heat Leaks | 

Btu/ 2 Cl 2 
hrxlO (WxlO ) 

Q, 

Btu/ 

hrxlO 

:2 

(WxlO 2 ) 

18 

(^5.7) 

1.0 

(30.5) 

1.5 

(3.81) 

o 

• 

VO 

00 

(0.9H) 

11.8 

(3.46) 

6.21 

( 1 . 82 ) 





1.75 

(^5) 

1.15 

(1.07) 

13.8 

(4.04) 

7.26 

(2.13) 





2.0 

( 5 . 08 ) 

1.31 

( 1 . 22 ) 

15.7' 

(4.60) 

8.29 

(2.43) 





2.25 

(5.72) 

1.48 

(1.37) 

17.7 

(5.18) 

9-35 

(2.74) 





2.5 

(6.35) 

1.63 

(1.51) 

19.5 

(5.71) 

10.3 

( 3 . 02 ) 

1 

r 

5 

f 

2.75 

(6.99) 

1.78 

(1.65) 

21.4 

(6.27) 

11.2 

( 3 . 28 ) 

29 

(73.7) 

1.917(58.4) 

1.5 

(3.81) 

O. 98 I 

(0.911) 

6.11 

(1.79) 

3.23 

(0.946) 





1.75 

(4.45) 

1.15 

(1.07) 

7.17 

( 2 . 10 ) 

3.78 

( 1 . 11 ) 





2.0 

( 5 . 08 ) 

1.31 

( 1 . 22 ) 

8.16 

(2.39) 

4.31 

( 1 . 26 ) 





2.25 

(5.72) 

1.48 

(1.37) 

9.24 

(2.71) 

4.88 

(1.43) 





2.5 

(6.35) 

1.63 

(1.51) 

10.2 

(2.99) 

5.37 

(1.57) 

1 

f 

1 

r 

2.75 

(6.99) 

1.78 

(1.65) 

11.1 

(3.25) 

5.87 

(1.72) 

40 

( 101 . 6 ) 

2.833(86.4) 

1.5 

(3.81) 

0.981 

(0.911) 

4.02 

( 1 . 18 ) 

2.13 

(0.624) 





1.75 

(*.*5) 

1.15 

(1.07) 

4.71 

(1.38) 

2.49 

(0.729) 





2.0 

( 5 . 08 ) 

1.31 

( 1 . 22 ) 

5.38 

(1.58) 

2.85 

(0.834) 





2.25 

(5.72) 

1.48 

(1.37) 

6.07 

(1.78) 

3.20 

(0.937) 





2.5 

(6.35) 

1.63 

(1.51) 

6.69 

(1.96) 

3.54 

(1.04) 





2.75 

(6.99) 

1.78 

(1.65) 

7.53 

( 2 . 20 ) 

3.97 

( 1 . 16 ) 

1 

f 

1 

f 
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Table C-3 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS 
CYLINDERS WITH A 24-MIL (0.61-MM) LONGO WRAP THICKNESS 


Analysis Case No. 3 (Ref Table 3-2); A^/a =2.0 


T = 520° R (289°K); T_, = 3T°R (20°K; T_ = 400°R (222°K); T r0 = l40°R (t 8°K) 

k = 0.256 Btu/hr ft°R (4.43 x lo'* w/cm°K) for T R1 ~ T = 483°R (268. 3°K) 

k c2 = 0.250 Btu/hr ft°R (4.33 x 10~ 3 w/cm°K) for T ffi - T c2 = 260°R (l44.4°K) 



Composite Heat Leaks 


18 (45.7) 1.0 (30.5) 


29 (73.7) 1.917(58.4) 


4o (101.6) 2.833(86.4) 


1.5 

(3.81) 

1.17 

(I.09) 

1.75 

(4.45) 

1.38 

(1.28) 

2.0 

(5.08) 

1.57 

(1.46) 

2.25 

(5.72) 

1.77 

(1.64) 

2.5 

(6.35) 

1.96 

(1.82) 

2.75 

(6.99) 

2.16 

(2.01) 

1.5 

(3.81) 

1.17 

(I.09) 

1.75 

(4.45) 

1.38 

(1.28) 

2.0 

(5.08) 

1.57 

(1.46) 

2.25 

(5.72) 

1.77 

(1.64) 

2.50 

(6.35) 

1.96 

(1.82) 

2.75 

(6.99) 

2.16 

(2.01) 

1.5 

(3.81) 

1.17 

(1.09) 

1.75 

(4.45) 

1.38 

(1.28) 

2.0 

(5.08) 

1.57 

(1.46) 

2.25 

(5.72) 

1.77 

(1.64) 

2.5 

(6.35) 

1.96 

(1.82) 

2.75 

(6.99) 

2.16 

(2.01) 


14.5 

17.1 

19.4 

21.9 

24.2 
26.7 

7.52 

8.87 

10.1 

11.4 

12.6 

13.9 
4.96 
5.85 

6.64 

7.52 

8.32 

9.17 


(4.25) 

( 5 . 01 ) 

( 5 . 68 ) 

(6.41) 

(7.09) 

(7.82) 

( 2 . 20 ) 

(2.60) 

(2.96) 

(3.34) 

( 3 . 69 ) 

(4.07) 

(1.45) 

(1.71) 

(1.94) 

( 2 . 20 ) 

(2.44) 

( 2 . 68 ) 


Q 

( 

:2 

Btu/ 

p 

hrxlO 

( WxlO j 

7.61 

(2.23) 

8.97 

(2.63) 

10.2 

(2.99) 

11.5 

(3*37) 

12.8 

(3.75) 

14.0 

(4.10) 

3.96 

(1.16) 

4.67 

(1-37) 

5.32 

(1.56) 

5.99 

(1.75) 

6.64 

(1*94) 

7.31 

(2.14) 

2.61 

(0.764) 

3.07 

(0.899) 

3.49 

(1.02) 

3.95 

(1.16) 

4.38 

(1*28) 

4.8l 

(1.41) 


LOCKHEED MISSILES & SPACE COMPANY 




Table C-A 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS 
OGIVES WITH A 12 -MIL (O. 3 O-MM) LONGO WRAP THICKNESS AT MIDSPAN 

Analysis Case No. k (Ref Table 3-2); T„. = 520°R (289°K); T_. = 37° R (20°K); 

HJ- UX 

T H2 = U00 ° R ( 222 ° K ^ T c2 = lk ° 0j{ ( T 8 °K) 

See Table C-l for Values of Atf/A , k , , k and A at Midspan; D = 1.5 in. 

1 cr cl c 2 c oe 

(3.8l cm) 



Average of Values at Midspan and at ESids I Average Composite Heat Leaks 



9.02 

(2.64) 

4.76 

(1.39) 

10.3 

(3.02) 

5.41 

(1.58) 

11.5 

(3.37) 

6.07 

(1.78) 

12.7 

(3.72) 

6.68 

(1.96) 

14.0 

(4.10) 

7.33 

(2.15) 

15.2 

(MS) 

8.02 

(2.35) 

16.3 

(‘‘.77) 

8.62 

(2.52) 

17.6 

(5.15) 

9.29 

(2.72) 

19.4 

(5.68) 

10.2 

(2.99) 

4.71 

(1.38) 

2.49 

(0.729) 

5.35 

(1.57) 

2.83 

(0.829) 

6.01 

(1.76) 

3.17 

(0.928) 

6.61 

(1.9*0 

3.50 

(1.02) 

7.29 

(2-13) 

3-84 

(1.12) 

7.93 

(2.32) 

4.20 

(1.23) 

8.53 

(2.50) 

**.51 

(1.32) 

9.19 

(2.69) 

4.86 

(1.42) 

10.1 

(2.96) 

5.3*» 

(1.56) 

3.19 

(0.93**) 

1.68 

(0.492) 

3.63 

(1.06) 

1.91 

(0.559) 

4.08 

(1.19) 

2.14 

(0.627) 

4.49 

(1.31) 

2.36 

(O.69I) 

4.94 

(l.**5) 

2.59 

(0.758) 

5.30 

(1.58) 

2.83 

(0.829) 

5.79 

(1.70) 

3.04 

(0.890) 

6.23 

(1.82) 

3.28 

(O.96O) 

6.86 

(2.01) 

3.61 

(1.06) 


LOCKHEED MISSILES & SPACE COMPANY 










Table C-5 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS 
OGIVES WITH AN lB- MTT, (0.46-MM) LONGO WRAP THICKNESS AT MIDSPAN 

Analysis Case No. 5 (Ref Table 3-2); T^ = 520°R (289°K); T^ = 37° R (20°K); 

T H2 = 40 °° R ( 222°K); T c2 = lUo°R (t8°K) 

See Table C-2 for Values of A$/A , k cl , k c2 , and A c at Midspan; D Qe = 1.5 in. 

( 3.81 cm) 


Strut 

Length, L fl 
in. (cm) 

Composite 
Length, L c 

ft. (cm) 

Outside Dia 
at Midspan, D 

00 

in. (cm) 

Ai/A cr 

at Ends 

Average of Values 

at Midspan and 

at Ends 

Average Composite Heat LeaKs | 

E 

Btu/ 
hr ft* 

Cl 

(v/em’K 

R x 10-*) 

I 

Btu/ 
hr ft" 

c2 

(w/cm*K 
R x 10} 

Area, A 

c 

ft 2 xl0 3 (cm 2 ) 

Q cl 

Btu/ 

hrxKT (vxlO ) 

Btu/ 

hrxlO 

^c2 

(uxlO 2 ) 

18 

(**5.7) 

1.0 

(30.5) 

1.5 

(3.81) 

1.5 

0.248 

(4.29) 

0.243 

(4.21) 

0.981 

(0.911) 

11.8 

(3.46) 

6.20 

(1.82) 





1.75 

(4.4 5 ) 

1.75 

0.250 

(4.33) 

0.245 

(4.24) 

1.12 

(1.04) 

13.5 

(3.95) 

7.13 

(2.09) 





2.0 

(5.08) 

2.0 

0.252 

(4.36) 

0.247 

(4.28) 

1.24 

(1.15) 

15.1 

(4.42) 

7.96 

(2.33) 





2.25 

(5.72) 

2.25 . 

0.253 

(4.38) 

0.248 

(4.29) 

1.38 

(1.28) 

16.9 

(4.95) 

8.90 

(2.61) 





2.50 

(6.35) 

2.5 

0.255 

(4.41) 

0.249 

(**.31) 

1.50 

(1.39) 

18.5 

(5.42) 

9.71 

(2.84) 





2.75 

(6.99) 

2.75 

0.256 

(4.43) 

0.251 

(4.34) 

1.62 

(1.50) 

20.0 

(5.86) 

10.6 

(3-10) 


r 

1 


3-0 

(7.62) 

3.0 

0.257 

(4.45) 

0.252 

(4.36) 

1.74 

(1.62) 

21.6 

(6.32) 

11.4 

(3.34) 

29 

(73.7) 

1.917(58.4) 

1.5 

(3.81) 

1.5 

0.248 

(4.29) 

0.243 

(4.21) 

0.981 

(0.911) 

6.13 

(1.79) 

3.24 

(0.949) 





1.75 

(4.45) 

1.75 

0.250 

(■*■33) 

0.245 

(4.24) 

1.12 

(1.04) 

7.06 

(2.07) 

3.73 

(1.09) 





2.0 

(5-08) 

2.0 

0.252 

(4.36) 

0.247 

(4.28) 

1.24 

(1.15) 

7.87 

(2.30) 

4.17 

(1.22) 





2.25 

(5.72) 

2.25 

0.253 

(4.38) 

0.248 

(4.29) 

1.38 

(1.28) 

8. Bo 

(2.58) 

4.65 

0.36) 





2.5 

(6.35) 

2.5 

0.255 

(4.41) 

0.249 

(4.31) 

1.50 

(1.39) 

9.64 

(2.82) 

5.08 

(1.49) 





2.75 

(6-99) 

2.75 

0.256 

(4.43) 

0.251 

(4.34) 

1.62 

(1.50) 

10.5 

(3.07) 

5.53 

(1.62) 

1 

r 

1 


3.0 

(7.62) 

3.0 

0.257 

(4.45) 

0.252 

(4.36) 

1.74 

(1.62) 

11-3 

(3.3D 

5.96 

(1.75) 

1*0 (101.6) 

2.833(86.4) 

1.5 

(3.81) 

1.5 

0.248 

(4.29) 

0.243 

(4.21) 

0.981 

( 0 . 911 ) 

4.16 

(1.22) 

2.20 

(0.644) 





1.75 

(4.45) 

1.75 

0.250 

(4.33) 

0.245 

(4.24) 

1.12 

(1.04) 

4.79 

(1.40) 

2.52 

(0.738) 





2.0 

(5-08) 

2.0 

0.252 

(4.36) 

0.247 

(4.28) 

1.24 

(1.15) 

5.34 

(1.56) 

2. 81 

(0.823) 





2.25 

(5.72) 

2.25 

0.253 

(4.38) 

0.248 

(4.29) 

1.38 

(1.28) 

5-97 

(1.75) 

3.14 

(0.919) 





2.5 

(6.35) 

2.5 

0.255 

(4.41) 

0.249 

(4.31) 

1.50 

(1.39) 

6. 5^ 

(1-91) 

3.43 

(1.00) 




, 

2.75 

(6.99) 

2.75 

0.256 

(4.43) 

0.251 

(4.34) 

1.62 

(1.50) 

7.09 

(2.08) 

3.73 

(1.09) 

i 

• 


f 

3.0 

(7.62) 

3.0 

0.257 

(4.45) 

0.252 

(4.36) 

1.74 

(1.62) 

7.65 

(2.24) 

4.03 

(1.18) 
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Table C-6 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS 
OGIVES WITH A 24-MIL (0.6l-MM) LONGO WRAP THICKNESS AT MIDSPAN 

Analysis Case No. 6 (Ref Table 3-2); T R1 = 520°R (289°K); T c1 = 3T°R (20°K); 

T^ = UOO°R (222°K); T q2 = l40°R (78°K) 

See Table C-3 for Values of kn/k. k , k , and A at Midspan; D . * 1.5 in. 

L CT C1 C °t3.8l cm) 


Strut 
Length, L a 

In. (cm) 

Composite 
Length, L c 

ft. (cm) 

Outside Die 
at Midspan, D 

cm 

In. (cm) 

— 

A iA„ 

at Ends 

Average of Values 

at Midspan and 

at Ends 

Average Composite Heat Leaks ] 

k 

Btu/ 
hr ft* 

cl 

(v/cra'K 
R it io3) 

Btu/ 
hr ft* 

e2 

(w/cm°K 
R it io3) 

Area, A c 
ft 2 xl0 3 (cm 2 ) 

Si 

Btu/ 

hrxlO (uxlO) 

Btu/ 

hrxlO 

«c2 

(WxlO 2 ) 

18 


1.0 

(30-5) 

1.5 

(3.81) 

2.0 

0.256 

<<*.43) 

0.250 

(4.33) 

1.17 

(1.09) 

14.5 - 

(4.25) 

7.61 

(2.23) 





1.75 

(<*.1*5) 

2.33 

0.258 

(4.47) 

0.252 

(4.36) 

1.35 

(1.25) 

16.8 

(4.92) 

8.85 

(2.59) 





2.0 

(5.08) 

2.67 

0.260 

(4.50) 

0.254 

(4.4o) 

1.51 

(1.40) 

19.0 

(5.56) 

9-97 

(2.92) 





2.25 

(5.T2) 

3.0 

0.261 

(4.52) 

0.255 

(4.41) 

1.6? 

(1.55) 

21.1 

(6.18) 

11.1 

(3-25) 





2.5 

(6.35) 

3.33 

0.262 

(**•54) 

0.256 

(4.43) 

1.83 

(1.70) 

23.2 

(6.79) 

12.2 

(3-57) 



\ 

f 

2.75 

(6.99) 

3.67 

0.264 

(4.57) 

0.258 

(4.47) 

2.0 

(1.86) 

25.5 

(7.47) 

13.4 

(3-92) 

29 

(T3-7) 

1. 917(58.'*) 

1.5 

(3.61) 

2.0 

0.256 

(4.43) 

0.250 

(4.33) 

1.17 

(1.09) 

7.55 

(2.21) 

3.98 

(1.17) 





1.75 

(4.45) 

2.33 

0.258 

(4.47) 

0.252 

(4.36) 

1.35 

(1.25) 

8.78 

(2.57) 

4.63 

(1.36) 





2.0 

(5.08) 

2.67 

0.260 

(4.50) 

0.254 

(4.4o) 

1.51 

(1.40) 

9.89 

(2.90) 

5.22 

(1-53) 





2.25 

(5.72) 

3.0 

0.261 

(4.52) 

0.255 

(4.41) 

1.67 

(1.55) 

11.0 

(3.22) 

5.79 

(1.70) 





2.5 

(6-35) 

3.33 

0.262 

(4.54) 

0.256 

(4.43) 

1.83 

(1.70) 

12.1 

(3.54) 

6.37 

(1.87) 



\ 


2-75 

(6.99) 

3.67 

0.264 

(4.57) 

0.258 

(4.47) 

2.0 

(1.86) 

13.3 

(3.89) 

7.02 

(2.06) 

40 (101.6) 

2.833(86, **) 

1.5 

(3.8l) 

2.0 

0.256 

(4.43) 

0.250 

(4.33) 

1.17 

(1.09) 

5.12 

(1.50) 

2.69 

(0.788) 





1-75 

(4.4 5 ) 

2.33 

0.258 

(4.47) 

0.252 

(4.36) 

1-35 

(1.25) 

5.96 

(1.75) 

3.12 

(0.914) 





2.0 

(5.08) 

2.67 

0.260 

(4.50) 

0.254 

(4.40) 

1.51 

(1.40) 

6.71 

(1.96) 

3.52 

(1.03) 





2.25 

(5.72) 

3.0 

0.261 

(4.52) 

0.255 

(4.41) 

1.67 

(1-55) 

7.45 

(2.18) 

3.91 

(1.14) 





2.5 

(6.35) 

3.33 

0.262 

(4.54) 

0.256 

(4.43) 

1.83 

(1.70) 

8.20 

(2.40) 

4.30 

(1.26) 

\ 




2.75 

(6.99) 

3.67 

0.264 

(4.57) 

0.258 

(4.47) 

2.0 

(1.86) 

9.03 

(2.64) 

4.74 

(1.39) 


C-7 
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Table C-7 


SUMMARY OF HEAT LEAKS FOR MONOCOQUE FIBERGLASS -BORON CYLINDERS 
Analysis Case No. 7 (Ref Table 3-2) 

T h1 = 520° R (289°K)j T C1 = 37° R (20°K); T^ = 400°R (222°K); T c2 = l40°R (78°K) 

k cbl = 1.264 Btu/hr ft°R (2.188 x 10 -2 w/cm°K) for T R1 - T C1 = 483°R (268. 3°K) 

k cb2 = 1.262 Btu/hr ft°R (2.185 x 10“ 2 w/cm°K) for T ffi - T c2 = 260°R (l44.4°K) 

See Table C-l for Values of k , , k _ , A , Q, , and Q . 

cl c2 c’ cl. c2 


Strut 
Length, L 

s 

in. (cm) 

Composite 
Length, L^ 

ft. (cm) 

Outside 

Diameter,D 
’ 0 

in. (cm) 

Composite 

Boron Area, A , 

' .cb 

? R ? 

ft xKr(cm ) 

Total Composite Heat 

Leaks 

Q cl + Q cbl 
Btu/ p p 
hrxlO (WxlO ) 

Q c2 
Btu/ p 
hrxlO 

+ Q cb2 
(WxlO 2 ) 

18 

(45.7) 

1.0 

(30.5) 

1.5 (3.81) 

0.156 (0.145) 

18.5 (5.42) 

9.88 

(2.89) 





1.75 (4.45) 

0.l8l (0.168) 

21.6 (6.32) 

11.5 

(3.37) 





2.0 (5.O8) 

0.208 (O.I93.) 

24.8 ‘ (7.26) 

13.2 

(3.86) 


r 

1 

r 

2.25 (5.72) 

0.233 (0.216) 

27.8 (8.14) 

14.8 

(4.33) 

29 

(73-7) 

1.917(58.4) 

1.5 (3.81) 

0.156 (0.145) 

9.64 (2.82) 

5.13 

(1.50) 





1.75 (4.45) 

0.181 (0.168) 

11.2 (3.28) 

5.98 

(1.75) 





2.0 . (5.08) 

0.208 ,(0.193) 

12.9 ' (3.78) 

6.88 

(2.01) 

1 

r 

\ 

t 

2.25 (5.72) 

0.233 (0.216) 

14.5 (4.25) 

7.73 

(2.26) 

40 (101.6) 

2.833(86.4) 

1.5 (3.81) 

0.156 (0.145) 

6.45 (1.89) 

3.43 

(1.00) 





1.75 (4.45) 

0.181 (0.168) 

7.52 (2.20) 

,4.01 

(1.17) 





2.0 : (5.08) 

; •» i J * . i v } 

0.208 :,(0.193) 

8.60 ' (2.52) 

4.58 

(1.34) 

1 

r 


t 

2.25 (5.72) 

0.233 (0.216) 

9.66 (2.83) 

5.14 

(1.50) 
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Table C-.8 


SUMMARY OF HEAT LEAKS FOR GLASS-STIFFENED FIBERGLASS CYLINDERS 

Analysis Case Numbers 8, 9> and 10 (Ref Table 3-2); A = 0.0025 in.^(0.0l6l cm^) 

gs 

T = 520°R (289°K); T c1 = 37° R (20°K);T h2 = 400°R (222°K); = l4o°R (78°K) 

k _ = 0.288 Btu/hr ft°R (4.99 x 10‘ 3 w/cm°K) for T„ n - 'T-, = 483°R (268. 3°K) 
gsl ^ nX OX 

k gs2 = 0.283 Btu/hr ft°R. (4.90 x 10 w/cm°K) for T^- T c2 = 260°R (144.4° K) 
See Tables C-l and C-2 for Values of k Ql , k^, A Q c ^, and 


Strut 

Length, L 
7 a 

in. (cm) 

Composite 

Length, 

ft. (cm) 

Outside 
Diameter, D 

0 

in. (cm) 

Optimum 
Number of 

Longerons, N 

Glass Longeron 

Area, A 
’ gs 

pop 

ft xlO J (cm ) 

Total Composite Heat 

Leaks 

Si 

Btu/ . 
hrxlO 

+ Q 

gsl 

(wxlO 2 ) 

°'C2 
Btu / _ 
hrxlO 

+ 0 „ 
'gt 2 

( V.'xj.O" ) 


'(45.7) 

1.0. 

(30.5) 

1.5 

(3.81) 

17 

0.296 (0.275) 

13.1 

(3.84) 

6.94 

(2.03) 





1.75 (4.45) 

23 

0.400 (0.372) 

16.1 

(4.71) 

8.49 

(2.49) 



\ 


2.0 

(5-08) 

30 

0.522 (0.485) 

19.4 

(5.68) 

10.2 

(2.99) 

( 1 ) 

i 

r 

2.25 (5.72) 

37 

0.644 (6.598) 

22.6 

(6.62) 

11.9 

(3-48) 

29 

(73.7) 

1.917(58.4) 

2.0 

(5.08) 

18 

0.313 (0.291) 

8.56 

(2.51) 

4.51 

(1.32) 



' 


2.25 (5-72) 

23 

0.400 (0.372) 

9.98 

(2.92) 

5.27 

(1.5*0 

V 

(1) 

i 

1 

2.5 

(6.35) 

29 

0.505 (0.469) 

11.5 

(3.37) ■: 

6.07 

(1.78) 

40 (101.6) 

2.833(86.4) 

2.5 

(6.35) 

20 

0.348 (0.323) 

6.83 

(2.01) 

3-64 

(1.07) 

't 

(2) 

I 

T 

3-0 

(7.62) 

30 

0.522 (0.485) 

8.89 

(2.60) 

4.69 

(1.37) 

ho 

(101.6) 

2.833(86.4) 

2.5 

(6.35) 

16 

0.273 (0.258) 

8.05 

(2.36) 

4.26 

(1.25) 

. \ 



7 

3.0 

(7.62) 

26 

0.452 (0.420) 

10.4 

(3.05) 

5.51 

(1.61) 


Notes: (l) Cylinders with a 12-nil (0.30-nrn) longo wrap thickness. 

(2) Cylinders with an 18-nil (0.46-mn) lengo wrap thickness. 
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TVable C-9 

SIM4ARY OP HEAT LEAKS FOR BORON- STIFFENED FIBERGLASS CYLINDERS 
Analysis Case Numbers 12, 13, and 14 (Ref Table 3-2); A bg = 0.0016 in. 2 (0.0103 cm 2 ) 
'« 520° R (289°K)j T C1 = 37° R (20°K); T^ = 400°R (222°K); T^ = l40°R (78°K) 

» 1-264 Btu/hr ft°R (2.188 x 10“ 2 w/cm°K) for T^- T C1 = 483°R (268. 3°K) 
^82 “ 1,262 Btu / hr ft ° R (2-185 X 10“ 2 w/cm°K) for T^- T^ = 260°R (l44.4°K) 

See Table C-l for Values of k fil , k^, A q , Q c1 , and Q c2 


Strut 
Length, L g 

in. (cm) 

Composite 
Length, L c 

ft. .(cm) 

Outside 

Diameter, D 
' 0 

in. (cm) 

Number of 
Longerons, N • 

Boron Longeron 
Area, A^ 

ft 2 xl0 3 (cm 2 ) 

Total Compos 

its Heat 

Leaks 

Q cl + SjsI 
Btu/ ? ? 
hrxlO (WxlO ) 

Q cS 
Btu/ a 
hrxlO 

WEM 

gill9i 

18 

(45-7) 

1.0. 

(30.5) 

1,5 

(3.81) 

1+ 

0.01*1+' (O.Ol+l) 

11.7 

(3.43) 

6.20 

(1.82) 







8 

0.089 (O.O83 

14.5 

(4.25) 

7.68 

(2.25) 







12 

0.133 (0.121+) 

17.1 

(5.01) 

9.12 

(2.67) 


r 

1 

f 

1 

f 

16 

0.178 (0.165) 

19.9 

(5.83) 

10.6 

(3.10) 

29 

(73.7) 

1.917(58.4) 

1.9 1 

(4.93) 

1+ 

0.01+1+ (o.Ol+l) 

7.45 

(2.18) 

3.95 

(1.16) 







8 

9.O89 (0.083) 

8.86 

(2.59) 

4.71 

(1.38) 







12 

0.133 (0.121+) 

10.3 

(3.02) 

5.46 

(1.60) 


r 

1 

f ■ 

1 

r 

16 

0.178 (0.165) 

11.7 

(3.43) 

6.25 

(1.83) 

ho 

(101.6) 

2.833(86.U) 

2.1+0 (6.10) 

1+ 

0.041+. (o.Ol+l) 

6.00 

(1.76) 

3.18 

(0.931) 







8 

0.089 (0.083) 

6.91 

(2.02) 

3.68 

(1.08) 







12 

0.133 (0.121+) 

7.89 

(2.31) 

4.20 

(1.23) 

1 

r ■ 

' 1 

r 

1 

t 

16 

0.178 (0.165) 

8.87 

(2.60) 

4.73 

(1.33) 
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Table C-10 

SUMMARY OF HEAT LEAKS FOR BORON-STIFFENED FIBERGLASS OGIVES 
Analysis Case Numbers 15 and 16 (Ref Table 3-2); A^ g = O.OOl6 in. 2 (0.0103 cm 2 ) 

t hi = 520 ° R ( 289 ° K ) ; T ci = 37 ° R ( 20 ° K ^ t h 2 = 4oo ° R ( 222 ° K ); t c2 = l40°R (78°K) 

k bgl = 1.264 Btu/hr ft°R (2.188 x lO -2 w/cm°K) for T^ - T C1 = 483°R (268. 3°K) 

k bg2 = 1.262 Btu/hr ft°R (2.185 x 10" 2 w/cm°K) for T^ - T c2 = 260°K (l44.4°K) 

See Table C-4 for Values of k k A , Q ,, and Q _ 

cl' c2 7 c cl 7 c2 



Composite 
length , 

ft . ( cm) 

Outside 
Diameter ,D 

0 

in. (cm) 

Number of 
Longerons, N 

Boron Longer o n 
Area, 

ft 2 xl0 3 (cm 2 ) 

- 

Total Composite Heat Leaks 

Q cl + S)Sl 

3tu/ 

hrxlO (WxlO ) 

%2 + S?s2 
3tu/ p 

brx.10 (WxKf) 

29 

(73-7) 

1.917(58.4) 

1.96 (4.98) 

4 

0.044 (0.04l) 

7.25 

(2.12) 

3.87 (1.13) 







8 

O .089 (O. 083 ) 

8.66 

(2.54) 

4.63 (1.36) 







12 

0.133 (0.124) 

10.1 

(2-96) 

5.38 (1.58) 

t 

r 

1 

7 

1 

r 

16 

0.178 (0.165) 

11.5 

(3.37) 

6.17 ( 1 . 81 ) 

to ( 101 . 6 ) 

2.833(86.4) 

2.46 (6.25) 

4 

0.044 (0.041) 

5.81 

(1.70) 

3.05 (0.893) 







8 

O.O 89 (O.O 83 ) 

6.72 

(1-97) 

3-55 (1-04) 







12 

0.133 (0.124) 

7.70 

(2.25) 

4.07 (1.19) 







16 

0.178 (0.165) 

8.68 

(2.54) 

4.60 (1.35) 


r 

1 

r 

1 

f 







C-ll 


LOCKHEED MISSILES & SPACE COMPANY 






Appendix D 


CALCULATION OP COMPARATIVE SYSTEM WEIGHTS 


Comparative system weights for fifteen strut configuration analysis cases 
(Ref Table 3-2), each applied where appropriate to nine load-length design 
points, were computed in Task 1. Summaries of these weights are presented 
in Tables D-l and D-2. In addition to the total system weights, component 
weights are also shown for the strut body and stiffeners, end fittings, core 
insulation, external insulation, and boiloff. A storage time of 200 days was 
assumed in computing boiloff weights for both liquid hydrogen and liquid 
fluorine propellants, which correspond to boundary temperature cases 1 and 
2, respectively. 

Strut body and stiffener weights were computed as the product of the average 
cross-sectional composite area, total strut length less 3 in. (7.6 cm), and 
the composite densities given in Section 3.1*8. End fitting weights used in 
the analysis were those presented in Table 3-3. Core insulation volume was 
obtained by multiplying the average cross-sectional area of the core cavity 
by total strut length less 3 in. (7.6 cm). The core insulation density was 
assumed to be 2.0 lbm/ft^ (32.0 kg/ra^) (Ref Section 3.1.8). External insul- 
ation weight was determined using the strut circumference at midspan, total 
strut length, an assumed thickness of 0.5 in. (1.27 cm), and a density of 
1.2 lbm/ft^ (19.2 kg/m^) (Ref Section 3. 1.8). Finally, boiloff weights were 
computed as the product of heat leak (Ref Section 3.1*7 and Appendix C) and 
storage time divided by the latent heat of vaporization given for the stored 
cryogen in Section 3.1*8. 
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Table D-l 

SUMMARY OF COMPARATIVE SYSTEM WEIGHTS FOR ANALYSIS CASES 1 THROUGH 6 


















































































SUMMARY OF COMPARATIVE SYS TM WEIGHTS FOR ANALYSIS CASES 7 THROUGH 10 AND 12 THROUGH 16 


























































































Appendix E 


PROCESS SPECIFICATION NO. 3060993 
FIBERGLASS SUPPORTS FOR CRYOGENIC TANKS 


1.0 SCOPE 

1 . 1 Contract Requirement 

This specification meets the specific requirements of Task III, Contract 
NAS 3-12037, which states: "The Contractor shall provide a process speci- 

fication to the NASA-LeRC Project Manager that provides in complete detail 
the manufacturing process for each strut design." 

1.2 Application 

This specification establishes the materials, equipment, and procedures 
necessary for fabrication, assembly, and cure of filament wound fiberglass 
supports for cryogenic tanks. 


2.0 APPLICABLE DOCUMENTS 

The following documents form a part of this specification to the extent 
specified herein. Unless otherwise indicated in the listing, the latest 
issue in effect shall apply. 

2.1 Specifications 

2.1.1 Military 

° MIL-S-5059 Steel, Corrosion-Resistant ( 18 - 8 ) Plate, 

Sheet and Strip 
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° MIL-S-8879 

1 

Screw Threads , Controlled Radius Root 
with Increased Minor Diameter, General 
Specification for 


° MIL-T-9047 

Titanium end Titanium Alloy Bars and 
Forging Stock 

2.1.2 

Lockheed 



° LAC 0170 

General Cleaning of Parts and Surfaces 


° LAC 3552 

Lubricant Solid-Film; Impingement Appli- 
cation 


° LAC 3900 

Limited-Calendar-Life Materials , 
Control of 

2.2 

Standards 


2.2.1 

Military 
° MS 335**0 

Safety Wire 

3.0 

GENERAL INFORMATION 


3.1 

Process Flow Diagram 
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4.0 GENERAL REQUIREMENTS 


4.1 Materials 

All materials used shall be in accordance with applicable documents as 
referenced in this specification or as specified on the engineering 
drawing. 


4.2 Workmanship 

Workmanship shall be of sufficient quality to insure proper operation and 
service function of the assemblies during the operational life of these 
assemblies and the associated equipment, and shall comply with the appli- 
cable Lockheed standards. 

4.3 Equipment 

The equipment used shall be capable of producing hardware in accordance 
with the requirements of this specification and the engineering drawings. 

4 . 4 Calibration 

All instruments shall be maintained in current calibration. 

4.5 Process Areas 

Good housekeeping, neatness, and orderliness shall be maintained in all 
process areas. 

4.6 Overage Materials 

Materials which have exceeded their shelf-life limitations shall not be 
used . 
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U.7 Surveillance 


Surveillance shall be exercised to insure compliance with all of the re- 
quirements of this specification. 


5.0 MATERIALS 


5.1 Manufacturing Materials 


° Aluminum bar stock 

° Glass fabric/epoxy resin 

° Paraplast 36 soluble salt procured from Resolin Inc., Chatsworth, 
California 

0 Heat-Shrinkable Mylar 

5.2 Productive Materials 

0 S-901, 8-end roving glass filament, preimpregnated with E-787 
epoxy resin. 

0 Glass filament shall be procured from Owens-Corning Fiberglas 
Corp. , San Francisco, California. 

0 Prepreg resin content shall be 23 percent ± 3 percent by weight 
and shall have a maximum volatile content of 3 percent by weight. 

0 Resin preimpregnation of the glass filament shall be accom- 
plished by U.S. Polymeric Corp., Santa Ana, California. 

0 The epoxy resin system used for cap installation shall consist 
of the following formulation: 

Epon 828 50 parts 

Epon 1031 50 parts 

BDMA Curing Agent 0.5 parts 

HMA Curing Agent 90 parts 

It shall be procured from the Shell Chemical Co., Pasties & 

Resins Div., San Francisco, California. 

0 Titanium, alloy 6A1-4V-EL1 per MIL-T-9047 Type III, Comp. A. 

0 Spherical rod ends procured from Southwest Products Co., 

Monrovia, California. 

0 Dexiglas core insulation procured from C. H. Dexter and Sons 
Paper Company, Windsor Locks, Connecticut. 
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6.0 PROCESS 


6.1 End Fitting Preparation 

6.1.1 Fabricate End Fittings and Caps 

° Machine end fittings and caps from titanium alloy 6A1-4V-EL1 
bar stock, or from titanium alloy 5A1-2. 5Sn-ELl. 

° Dry abrasive blast the surface of each end fitting in the area 
of contact with the glass fibers with aluminum oxide sand. 

° All external threads must be rolled to obtain the optimum notch 
fracture characteristics. 

° Provide each end fitting with a through-hole for flushing out 
the mandrel salt, filling the core cavity with insulation, and 
evacuation of the initial gas and outgas components. 


6.1.2 Lubricate Threads 


° Apply by impingement application to all external threads a 
molybdenum sulfide solid- film lubricant. 

6.2 Mandrel Preparation 


6,2.1 Fabricate Mandrel Master 


° The mandrel master should be fabricated from aluminum for ease 
of machining. 

° The mandrel master shall have a male configuration conforming 
to the inside contour of the desired strut. 

° When machining the mandrel master, increase all specified dimen- 
sions by approximately 1.04 percent or 0.125 in. /ft (1.04 cm/m) 
in order to compensate for subsequent shrinkage in the fabrica- 
tion of the mandrel mold and in the casting of the individual 
salt mandrels. 
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6 . 2.2 


Fabricate Mandrel Mold 


° Set up mandrel master with plaster, and layup glass cloth/resin 
winding-mandrel mold in two halves. 

° Vacuum-bag and oven-cure the two mold halves, and clean for use. 


6.2.3 Prepare Salt Mandrels 

0 Cast the winding-mandrels of soluble Paraplast 36 salt, or 
equivalent. 

0 Melt the salt at 400°F (204°C), assemble the split casting 
mold and preheat to 200° F (93* 3° C), pour melted salt into 
the mold, rotate and cool sufficiently to form approximately 
a 0.25-in. -(0.635-c®-) thick wall of solid salt, and pour 
the remaining melted salt out of the mold. 

0 Remove the salt mandrel from the mold when cool. 

0 Clean flash material from the mandrel and apply a parting 
agent such as Fluorocarbon S122. 


6.3 Filament-Winding Procedure 

6.3.I Setup Winding Machine 


0 Assemble salt mandrel with internal end-fittings and place 
in winding machine. 

0 Program winding equipment for the specific strut design re- 
quirements (Ref Table E-l). 

0 Prepare glass fiber-epoxy resin prepreg material, weigh 
prepreg material, record weight, and thread prepreg material 
into the winding and tension-control equipment. 

6.3.2 Wind Strut and Install Compression Caps 

(Ref Table E-l for specific design requi rement s ) 

0 Wind the interior end-fillet and interior circ wrap rovings 
in a side-by-side pattern. Use programmed mandrel fixture 
rotation and horizontal carriage feed rates to achieve the 
desired yarn placement and spacing. Yarn tension during 
inner circ winding should be approximately 3»5 lbf (15-6 N). 
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° Wind the specified number of longo rovings for each speci- 
fied wrap in a side-by-side polar pattern so that each 
roving crosses the longitudinal centerline of the strut 
(i.e., l8o° spacing over the opposite-end fitting). Use 
programmed horizontal carriage feed in combination with 
either programmed or predetermined manual mandrel fixture 
rotation to achieve the desired yarn placement and spacing. 
Yarn tension during longo winding should be approximately 

1.5 lbf (6.7 N). 

° Apply heat -shrinkable Mylar tape over the longo windings, 
and apply minimum heat for initial smoothing and debulking 
of the composite structure. When complete, remove the tape. 

° Install metallic end caps over the polar windings at each 
end. Apply sufficient E-787 epoxy resin between each cap 
and the longo windings to provide a smooth faying surface 
with minimum voids. Secure each cap in place with the 
specified washer and check nut. 

0 Wind the exterior circ wrap and end-fillet rovings in a 
side-by-side pattern. Use programmed mandrel fixture 
rotation and horizontal carriage feed rates to achieve 
the desired yam placement and spacing. Yam tension 
during external circ winding should be approximately 

3.5 lbf (15.6 N). 


6.3.3 Debulk, Cure, and Perform Post-Winding Operations 


0 Remove winding from machine and prepare for vacuum bagging. 

0 Remove prepreg material from the winding equipment, weigh 
prepreg niaterial, and record weight. 

0 Place completed strut structure into vacuum bag, apply 
vacuum and heat, and force entrapped air from composite 
structure by squeegee techniques. 

0 Place vacuum bag assembly in oven for curing. 

0 Cure as follows: 

1 hr. at 200° F (93.3°C) 

2 hrs. at 250° F (121°C) 

2 hrs. at 300° F (l49°C) 

0 After curing, remove from vacuum bag and clean-up. Remove 
salt mandrel by the use of continuous-flow warm water. 

0 Weigh, measure , and calculate the dimensional and constituent 
properties of the finished strut. (Ref Table E-2 for maximum 
allowable tolerances . ) 
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6.3.4 Insulate Strut Core Cavity 


° Fill strut with chopped Dexiglas particles to 4-6 lbm/ft^ 
density. Particle size should be approximately l/4-inch 
square . 


6 . 3.5 Complete Final Assembly 


0 Install locknuts and rod ends. Safety wire, Double Twist 
Method per MS 33540. 
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Table E-l 


SUMMARY OF DIMENSIONS AND WINDING REQUIREMENTS 


Configuration No. 

III-l 

III -2 

III -3 

Drawing No. 

CP 3060932 

CP 3060936 

CP 3060934 

Length, Center-to-Center of 
Rod-End Fittings, in. (cm) 

24.0 

( 6 l.O) 

19.0 

(W 3 . 3 ) 

36.0 

( 91 . 4 ) 

Midspan O.D., in. (cm) 


MEM 

BBS 

BSj 

No. of 8 -End Longo Rovings 

• 146 

374 

306 

No. of 8 -End Longo Revolutions 

73 

137 

153 

No. of Longo Wraps 

2 

2 

2 

Nominal Longo Thickness, in. 
(cm) 

0.008 

(0.020) 

0.015 

(0.038) 

0.010 

(0.025) 

Nominal Longo Cross-Section 
Area, in. 2 (cm 2 ) 


0.0694 

(0.4478) 

0.0776 

(0.5007) 

Av. Longo Spacing, Ea. Wrap, 
in. (cm) 

0.0637 

(0.1618) 

0:0339 

(0.0861) 

0.0509 

(0.1292) 

No. of 8 -End Circ Rovings (Ea. 
Circ Wrap Excluding End 
Transition Areas) 

385 

241 

579 

Nominal Circ Thickness, Ea. 
Wrap, in. (cm) 

0.006 

(0.015) 

0.006 

(0.015) 

0.006 

(0.015) 

Av. Circ Spacing, Ea. Wrap, 
in. (cm) 

0.0424 

( 0 . 1077 ) 

0.0424 

( 0 . 1077 ) 

0.0424 

( 0 . 1077 ) 

Nominal Total Wall Thickness, 
in. (cm) 

0.020 

( 0 . 051 ) 

0.027 

(O.O69) 

0.022 

(0.056) 

Nominal Total Wall Cross- 
Section Area, in. 2 (cm 2 ) 

0.0930 

(0.6000) 

0.1250 

( 0 . 8065 ) 

0.1713 

( 1 . 105 ) 
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Table E-2 


SUMMARY OF MAXIMUM ALLOWABLE MANUFACTURING TOLERANCES 


Configuration No. 

III-l 

III-2 

III-3 

Drawing No. 

CP3060932 

CP3060936 

CP3060934 

Length, Strut Body and 
Final Assembly, in. (cm) 

±0.03 

(± 0 . 08 ) 

±0.03 

(± 0 . 08 ) 

± 0.03 

(± 0 . 08 ) 

Outside Diameter, in. (cm) 

±0.010 

(± 0 . 025 ) 

±0.010 

(± 0 . 025 ) 

±0.010 

(± 0 . 025 ) 

Diameter, Out-of-Roundness , 
in. (cm) 

± 0.025 

(±0.064) 

± 0.025 

(±0.064) 

±0.040 

(±0.102) 

Column Eccentricity at 
Midspan, in. (cm) 

0.080 

( 0 . 203 ) 

0.060 

(0.152) 

0.120 

(0.305) 

Longitudinal Centerline Mis- 
alignment, Strut Body to 
End Fittings, Degrees 

±2 

±2 

±2 

Prepreg Resin Content by 
Weight, Percent of Nominal 

±3 

±3 

±3 

Composite Weight, Percent 
of Nominal 

±1.5 

±1.5 

± 1.5 

Total Assembly Weight, Percent 
of Nominal 

±1.8 

±1.8 

±1.8 

Glass/Resin Weight Fraction, 
Percent of Nominal 

±10 

±10 

±10 

Glass/Resin Volume Fraction, 
Percent of Nominal 

±15 

±15 

±15 

Void Volume Fraction, 
Percent 

8 

8 

8 
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Appendix F 

ANALYTICAL METHOD TO DETERMINE WINDING REQUIREMENTS 

In Task 1 it was shown that optimum values of total longo wrap thickness for 
monocoque struts can be determined by cross-plotting data on ultimate com- 
pressive load capability for failure in each of the primary modes (i .e. , 
column buckling, crippling, and crushing) as a function of nominal longo 
thickness. Plots of this type were presented in Figs. 3-43, 3-kh, and 3-^5 
(Ref Section 3 . 2 . 3 ) for selected configurations IH-1, III-2, and III-3, 
respectively. However, spacing of the rovings, rather than thickness, is 
the parameter used to control the winding of both longo and circ wraps during 
fabrication of a strut. Consequently, it was necessary to develop an analy- 
tical method to determine the spacings required to achieve the thicknesses 
specified in the design. 

Initially, to develop such a method, the cross-sectional glass area of a 
single 8 -end roving of fibers (without the resin matrix) was determined from 
values of dry roving weight per unit length and glass-fiber density. The 
nominal unit weight value used in the analysis was 0.2420 gm/yard (Ref 28) 
which is equivalent to 1.482 x 10~^ lbra/in. (2.647 x 10 ^ gm/cm). The glass- 
fiber density value used was O.O 897 lbm/in? (2.483 gm/cm^) (Ref 1, page 157). 
Dividing the weight per unit length by the density yields a nominal glass 

•mil P «. O P 

area of 1.653 x 10 in. (1.067 x lO ” 3 cm ) for each 8 -end roving. 

The total composite cross -sectional area of glass plus resin for a single 8 - 

end roving was then obtained by dividing the cross-sectional area of the 

glass by the design fiber volume fraction of O .65 (Ref Section 3 . 1.1). Void 

volume, nominally 2 to 6 percent (Ref Sections 7.1*1 and 7.1.2), was neglected 

in this calculation. A nominal composite cross-sectional area value of 
-4 2 -3 2 

2.543 x 10 in. (1.641 x 10 J cm ) for a single 8 -end roving was obtained in 
this manner. 

The effect of roving unit weight tolerance and fiber volume fraction tolerance 
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on the total composite cross-section area of a single 8-end roving was also 
investigated in the analysis. Maximum and minimum values of roving unit 
weight were combined, respectively, with minimum and maximum values of fiber 
volume fraction to determine the worst-case tolerance effects. The maximum 
and minimum values of roving unit weight used were O.2592 and 0.2240 gm/yard, 
respectively, (I.588 x 10 ^ lbm/in. or 2.836 x 10 ^ gm/cm and 1.372 x 10 ^ 
lbm/in. or 2.450 x 10"^ gm/cm, respectively) (Ref 28). A minimum fiber vol- 
ume fraction value of 0.6l was used, corresponding to the maximum design 
resin content of 20.8 + 3*0 percent by weight (Ref Section 3. 1.1 and Ref 1, 
Fig. 6-83). Similarly, the maximum fiber volume fraction value used was 
O.69, based on the minimum design resin content of 20.8 - 3*0 percent by 
weight. The worst-case single-roving total composite cross-sectional areas 
which resulted from the combination of these unit weight and volume fraction 
tolerances are 2.902 x 10 ^ in? (1.872 x 10 ^ cm?) and 2.219 x 10~^ in? 

(1.432 x 10 3 cm ), respectively, which are +14.1 and -12.7 percent devia- 
tions from the nominal composite cross-sectional area value. 

During the Task 1 design and analysis, a constant nominal thickness value 
of 6 mil (0.15 mm) was selected for each of the inner and outer circ wraps . 
Assuming that the composite material is perfectly distributed to achieve a 
rectangular cross-section of this constant thickness, the required nominal 
circ roving spacing then becomes 0.0424 in. (0.1077 cm). This is equivalent 
to 23*6 rovings/in. (9- 3 rovings/cm). If the circ rovings are wound at this 
nominal spacing, the worst-case tolerances on single-roving composite cross- 
sectional area (due to unit weight and volume fraction tolerances) will re- 
sult in maximum and minimum average circ wrap thickness values of 6.8 mil 
(0.17 mm) and 5«2 mil (0.13 mm), respectively. 

The number of longo rovings and the average longo roving spacing required to 
achieve the selected design longo wrap thickness depends on cross-section 
geometry. Fig. F-l shows the idealized cross-section geometry for the general 
case. 
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Fig. F-l Idealized Strut Cross-Section Geometry 


Referring to the figure, the outer radius of the strut, R q , the circ wrap 
thickness, t cr , and the total longo wrap thickness, t^, are specified in the 
design. The outer and inner radii of the total required longo wraps, ~R£ q 
and Rj?^, respectively, can then be determined from the expressions 


and 


% 




= R - t 


cr 


= R 


% - H 


(F-l) 

(F-2) 


Using these values, the total required cross-sectional area of the longitud- 
inal wraps can be calculated using the equation 


k l 


"< h !o - R li ) 


(F-3) 


Once the required longo wrap area has been determined, the total number of 
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8-end longo rovings required to achieve it can be computed as 



(F-4) 


Also, the required average longo roving spacing can be determined from 


V i 


2 * R c M iw 




(F-5) 


In this expression, the average longo wrap radius, R c , (which is also equal 
to the average radius for the total wall thickness) is simply ( R g 0 + R^)/2. 
The number of longo wraps required, N^, is specified in the design based on 
the total required longo wrap thickness, t£. For t£ values of 8 to 24 mil 
(0.20 to 0.6l mm), two longo wraps are required (Ref Section 3.1.1). Total 
longo wrap thicknesses of less than 8 mil (0.20 mm) are not practical using 
8-end roving yarn, and those greater than 24 mil (0.6l mm) require two addi- 
tional longo wraps for each additional 2k mil (0.6l mm) (or fraction thereof) 
of thickness. The number of longo rovings per unit of circumference is simply 
the reciprocal of the spacing (i.e., l/v£ ) . 

Strut cross-section geometry and optimum winding requirements for the selected 
Task 2 and Task 3 designs were determined using the method presented in this 
appendix. Results are shown in Table 4-1 for the Task 2 struts, and in Figs. 
3-46, 3-kl , and 3-k& as well as in Table E-l for the Task 3 struts. 
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Appendix G 


SYMBOLS : 

A 

V 


A 

c 


A 

eg 


A 

gs 

A l 

A l& 

\ 

A 


NOMENCLATURE 

2 2 

cross-sectional area, in. (cm ) 

cross-sectional area of longeron stiffeners reinforced with 

2 2 2 2 
boron fibers, in. (cm ) or ft (cm ) 

cross-sectional area of the total composite strut wall, 

. 2 , 2 . 2> 2. 

in. (cm ) or ft (cm ) 

cross-sectional area of the circumferential glass fibers, 

. 2 , 2v 

in. (cm ) 

nominal cross-sectional area of the total composite strut 

wall based on the product of the number of rovings and the 

2 2 

nominal roving area, in. (cm ) 

2 2 

cross-sectional area of the circumferential wraps, in. (cm ) 

cross-sectional area of longeron stiffeners reinforced with 
2 2 2 2 

glass fibers, in. (cm ) or ft (cm ) 

2 2 

cross-sectional area of the longitudinal wraps, in. (cm ) 
cross-sectional area of the longitudinal glass fibers, 

• 2, 2v 

xn. (cm ) 

cross-sectional area of the strut core cavity for radiation 

2 2 

heat transfer, ft (m ) 

2 2 

cross-sectional area of the resin matrix, in. (cm ) 
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A 


sr 


D 

o 


D 


oe 


D 

ora 


E 


E 


E 


cm 


E 


g 


E 

r 

G 


cross-sectional area (glass plus resin) of a single 8-end 
roving of fiberglass material. Nominal value is 2.5^3 x 10" 
in. ^(1.641 x lcT^ cm^)(Ref Appendix F) 

outside diameter of the composite strut body, in. (cm) 

outside diameter of a composite ogive strut body at each 
end, in. (cm) 

outside diameter of a composite ogive strut body at midspan, 
in. (cm) 

2 

modulus of elasticity, pel (it/m ) 

longitudinal modulus of elasticity of the total composite 
strut vail, psi (N/m ) 

longitudinal modulus of elasticity of the total composite 

strut vail based on test results (i.e., the slope of the 

2 

stress-strain curve at zero load), psi (N/m ) 

modulus of elasticity of glass fibers in the parallel 
direction, psi (N/m^) 

2 

modulus of elasticity of the resin matrix, psi (N/m ) 

2 

shear modulus, psi (N/m ) 


I 


J 


area moment of inertia of the total composite strut vail, 

. 4 / Ux 

in. (cm ) 


torsion constant, in.^ (cm^) 
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isotropic crippling coefficient for the total composite 
strut wall, dimensionless 

isotropic crippling coefficient for the total composite 
strut wall based on test results, dimensionless 

length, in. (cm) 


effective strut length for predicting column buckling 
allowables (equals total length for a pin-ended colum) , 
in. (cm) 

effective composite strut body length for computing longi- 
tudinal heat leak, in. (cm) or ft (m) 

total strut length (pin-to-pin) } in. (cm) 

effective composite strut body length for computing weight, 
in. (cm) 

number of longeron stiffeners, dimensionless 

total number of 8-end longo rovings, dimensionless 

number of longo wraps, dimensionless 

optimum number of longeron stiffeners, dimensionless 

ultimate compressive load capability for failure in Euler 
column buckling, lbf (N). Also, design ultimate compressive 
load, lbf (N) 
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ultimate compressive load capability for failure in any 
critical mode, lbf (N) 

ultimate compressive load capability for failure in local 
crippling, lbf (N) 

ultimate compressive load capability for failure in crushing 
lbf (N) 

failure load achieved in tension or compression, lbf (N) 

predicted ultimate load capability in tension or compression 
lbf (N) 

component of longitudinal one-dimensional heat leak due to 
conduction through the wall of a composite strut, Btu/hr (w) 

longitudinal one-dimensional heat leak through a composite 
strut (equal to Q^, where radiation component is neglected), 
Btu/hr (w) 

longitudinal one-dimensional heat leak through a composite 
strut for boundary temperatures of 520° R (289°K) and 37° R 
(20°K), Btu/hr (w) 

longitudinal one-dimensional heat leak through a composite 
strut for boundary temperatures of 400°R (222°K) and lk)°R 
(78° K), Btu/hr (w) 

component of longitudinal one-dimensional heat leak due to 
radiation through the core cavity of a composite strut, 
Btu/hr (W) 
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radius to the center of the thickness of the total composite 
strut wall, in. (cm) 

radius to the inside surface of the longo wraps, in. (cm) 

radius to the outside surface of the longo wraps, in. (cm) 

nominal radius to the center of the thickness of the total 
composite strut wall based on nominal diameter and wall 
thickness values, in. (cm) 

radius to the outside surface of the total composite strut 
wall, in. (cm) 

absolute temperature of the cold end boundary, °R (°K) 

absolute temperature of the hot end boundary, °R (°K) 

absolute mean temperature of the composite wall material 
(i.e., the average of the T_ and T„ values for a particular 
case), °R (°K) 

O O 

volume of a particular strut component, ft J (nr > ) 

total hydrogen boiloff weight per strut for a specified 
storage time with boundary temperatures of 520° R (289° K) 
and 37° R (20°K), lbm (kg) 

total fluorine boiloff weight per strut for a specified 
storage time with boundary temperatures of 400°R (222°K) 
and l40°R (t 8°K), lbm (kg) 
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weight of the core insulation per strut, lbm (kg) 

weight of the external insulation per strut, lbm (kg) 

total weight of the metallic end fittings per strut 
(includes rod ends, internal fittings, compression 
caps, and attachment hardware), lbm (kg) 

total weight of the composite strut body and longeron 
stiffeners (if any) per strut, lbm (kg) 

total inert weight per strut, lbm (kg) 

total system weight per strut (includes component inert 
weights plus boiloff), lbm (kg) 

total system weight per strut for LHg tank supports, lbm (kg) 

total system weight per strut for LFV, tank supports, lbm (kg) 

eccentricity between the geometric center of the composite 
cross-section and the longitudinal axis measured at midspan, 
in. (cm) 

average compressive stress distributed over the total can- 

2 

posite wall cross-section due to an applied load, psi (N/m ) 

average tensile stress distributed over the total composite 

2 

wall cross-section due to an applied load, psi (N/m ) 

thermal conductivity in the parallel direction of boron 
fibers (excluding the tungsten core), Btu/hr ft°R (w/cm°K) 
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thermal conductivity in the longitudinal direction of the 
total composite strut wall, Btu/hr ft°R (w/cm°K) 

thermal conductivity in the longitudinal direction of the 
total composite wall of a fiberglass strut, Btu/hr ft°R (w/cm°K) 

thermal conductivity of the circ wraps in the longitudinal 
direction, Btu/hr ft°R (w/cm°K) 

thermal conductivity in the parallel direction of the re- 
inforcement fibers, Btu/hr ft°R (w/cm°K) 

thermal conductivity in the parallel direction of glass 
fibers, Btu/hr ft°R (w/cm°K) 

thermal conductivity in the longitudinal direction of the 
longo wraps, Btu/hr ft°R (w/cm°K) 

thermal conductivity of the resin matrix, Btu/hr ft°R (w/cm°K) 

thermal conductivity in the parallel direction of the tungsten 
core of boron reinforcing fibers, Btu/hr ft°R (w/cm°K) 

number of waves (i.e., diamond pattern buckles) which form 
around the circumference of a composite strut wall during 
compressive crippling, dimensionless. Also, the number of 
circular radiation shields used to insulate the strut core 
cavity, dimensionless 

thickness of the total composite strut wall, mil (mm) 

thickness of the total composite wall of an ogive strut 
at midspan, mil (nan) 
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thickness of each of the inner and outer circ wraps , mil (mm) 

total thickness of the longo wraps, mil (mm) 

total thickness of the longo wraps of an ogive stint at 
midspan, mil (mm) 

measured thickness of the total composite strut wall, 
in. (cm) or mil (mm) 

nominal thickness of the total composite strut wall based 
on nominal values of outside diameter and cross-sectional 
area, in. (cm) or mil (ram) 

volume fraction of boron reinforcement fibers (excluding the 
tungsten core), dimensionless 

volume fraction of the reinforcement fibers, dimensionless 

volume fraction of the resin matrix, dimensionless 

volume fraction of the tungsten core of boron reinforcement 
fibers, dimensionless 

average longo roving spacing within a particular wrap, in. (cm) 

average strain measured over a specified gage length due to 
an applied axial load, in. /in. (cm/cm) 

emissivity of a boundary surface, dimensionless 
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f emissivity factor applying between a boundary surface and an 

^"OS 

adjacent radiation shield, dimensionless 
£ g emissivity of a radiation shield, dimensionless 

C emissivity factor applying between adjacent radiation 

S 6 

shields, dimensionless 

P density of a particular strut component, lbm/ft^ (kg/rn^) 

P c radius of gyration of the total composite strut wall 

cross-section, in. (cm) 

a Stefan-Boltzmann constant, equal to 1.713 x 10"^ Btu/hr ft 2 

°R^ ( 5.669 x 10 -8 w/m 2o K*) 

fi Poisson's ratio, dimensionless 

ABBREVIATIONS : 

LVDT linear variable differential transducer 

circ circumferential roving 

longo longitudinal roving 
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